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ABSTRACT 
The F l y i n g  F i s h  i s  an autonomous, s t reaml ined ,  g r a v i t y  d r i v e n  
underwater v e h i c l e  of h i gh  speed ( 1 5  kno ts )  v e r t i c a l  excurs ions  t o  depths 
o f  6000 meters.  Th i s  p ro to t ype  uses s h o r t  base l i ne  a c o u s t i c  
i n t e r f e r o m e t r y  t o  gu ide  i t s e l f  t o  a monochromatic a c o u s t i c  beacon a t  t h e  
su r face .  Phase d i f fe rence  measurements made on two o r thogona l  axes a r e  
used t o  deduce the  r e l a t i v e  b e a r i n g  t o  t he  beacon. An a u t o p i l o t  uses 
t h i s  i n f o r m a t i o n  t o  ac tua te  c o n t r o l  su r faces  and c o r r e c t  v e h i c l e  
a t t i t u d e .  Th is  t h e s i s  descr ibes  t h e  oceanographic c o n t e x t  i n  which t h e  
v e h i c l e  w i l l  be used, t r a n s l a t e s  t h e  s c i e n t i f i c  m i ss i on  i n t o  a s e t  o f  
coherent eng ineer ing  s p e c i f i c a t i o n s ,  desc r ibes  a p r o t o t y p e  des ign t h a t  
meets these s p e c i f i c a t i o n s ,  and demonstrates proof -o f -concept  w i t h  a 
s e r i e s  o f  sea t r i a l s .  Some recommendations a re  made f o r  f u t u r e  
r e f  i nemen t s . 
Thesis Superv iso r :  Dr.  A l b e r t  B rad ley ,  Research S p e c i a l i s t  
Department o f  Ocean Eng ineer ing  
Woods Hole Oceanographic I n t i t u t i o n  
The F ly ing  F i sh  Success fu l l y  Homing on a 15 KHz Monochromatic Sound Source 
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1 TRANSLATING THE SCIENTIFIC MISSION INTO A 
CONSISTENT SET OF ENGINEERING SPECIFICATIONS. 
1.1 INTRODUCTION. 
The F l y i n g  F i s h  i s  an autonomous, s t reaml ined ,  g r a v i t y  d r i v e n  
oceanographic ins t rument  p l a t f o r m  capable o f  (1 )  h i g h  speed v e r t i c a l  
excurs ions f r om the  sur face  t o  depths o f  6000 meters and ( 2 )  g u i d i n g  
i t s e l f  back t o  an acous t i c  beacon a t  t he  su r face .  Phase d i f f e rence  
measurements made a t  four  hydrophones mounted i n  t he  nose o f  t h i s  
ax isymmetr ic  body a re  used t o  ac tua te  c o n t r o l  su r faces  t o  c o r r e c t  v e h i c l e  
a t t i t u d e .  The i n i t i a l  oceanographic sensor package i s  in tended  t o  
measure c o n d u c t i v i t y  and temperature as a  f u n c t i o n  o f  depth.  These 
parameters a re  used bo th  as water mass t r a c e r s  and, i n  t h e  equa t ion  o f  
s t a t e  o f  seawater, t o  c a l c u l a t e  t h e  d e n s i t y  f i e l d  and thus t he  t o t a l  
t r a n s p o r t  o f  l a r g e  sca le  c i r c u l a t i o n  p a t t e r n s .  
Th is  chap te r  begins w i t h  a  d e s c r i p t i o n  o f  t he  s c i e n t i f i c  m i ss i on .  
These requi rements  a re  then t r a n s l a t e d  i n t o  a  s e t  o f  eng inee r i ng  
s p e c i f i c a t i o n s .  Subsequent chap te rs  use these s p e c i f i c a t i o n s  t o  d e f i n e  
t he  mechanical  and e l e c t r o n i c  system requi rements  and t h e i r  
implementat ion.  The r e s u l t i n g  des ign  i s  descr ibed  n o t  o n l y  i n  t he  
c o n t e x t  o f  a  s i n g l e  p r o t o t y p e  b u t  a l s o  as a  t e s t  bed f o r  t he  automated 
t e s t  procedures which w i l l  be r e q u i r e d  i f  t h i s  concept i s  t o  be used 
o p e r a t i o n a l l y .  Fu r t he r ,  s tandard i n t e r f a c e s  and modular subsystems a r e  
used so t h a t  any s u i t a b l e  pay load may be i n t e g r a t e d  w i t h  a  minimum o f  
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change t o  t he  e x i s t i n g  des ign.  
1.2 THE SCIENTIFIC RATIONALE FOR THE DEVELOPMENT OF THE FLYING FISH. 
1.2.1 Background: A Shor t  Pr imer  of Hydrographic Surveys. 
One o f  the  fundamental l i m i t a t i o n s  of p resen t  me teo ro l og i ca l  and 
atmospher ic models used f o r  weather p r e d i c t i o n  i s  the  unknown boundary 
c o n d i t i o n  imposed by t he  wo r l d  ocean (U.S. WOCE P lann ing  Report  #3). 
Desp i te  advances i n  unders tand ing  t he  bas i c  phys ics  o f  t he  ocean, t h e r e  
i s  a dea r t h  o f  f i e l d  da ta  cove r i ng  t he  s p a t i a l  and temporal  sca les  
r e q u i r e d  by computer models o f  t h e  ocean. A complete s tudy  o f  an e n t i r e  
oceanic  bas in  was under taken o n l y  once, and t h e  t ime s c a l e  spread o v e r  
two years  (1957-58) u s i n g  d i s c r e t e  water samples ( F u g l i s t e r ,  1970). 
Large sca le  m o n i t o r i n g  programs t o  s tudy t h e  g l o b a l  a tmospher ic  weather 
p a t t e r n s  have, a t  p resen t ,  no coun te rpa r t  w i t h i n  the  oceanographic 
community. 
There a re  t h ree  genera l  approaches i n  p h y s i c a l  oceanography t o  
measuring t h e  c i r c u l a t i o n  p a t t e r n s  of t he  wo r l d  oceans. One approach 
uses d i r e c t  measurements o f  f l u i d  v e l o c i t y  and d i r e c t i o n  a t  d i s c r e t e  
p o i n t s .  Th is  E u l e r i a n  approach i s  bes t  e x e m p l i f i e d  by t he  use o f  moored 
c u r r e n t  meters.  These i ns t r umen ts  have a l i m i t e d  on s i t e  endurance 
(1  2-18 months) and have d i f f i c u l t y  measuring low f requency  seasonal and 
i n t e rannua l  v a r i a b i l i t y .  D r i f t e r s ,  a second c l a s s  o f  i ns t ruments ,  make 
Lagrangian measurements. These ins t ruments  cover  a broad range, f r o m  
postcards t o  SOFAR (Sound F i x i n g  And Ranging) f l o a t s .  When used i n  
l a r g e  numbers and s t u d i e d  s t a t i s t i c a l l y  they  g i v e  good es t ima tes  o f  l o c a l  
f l u i d  v e l o c i t y  and t r a j e c t o r y  b u t  n o t  .o f  t o t a l  t r a n s p o r t .  They a re  
e x c e l l e n t  f o r  f l o w  v i s u a l i z a t i o n  s t u d i e s .  The l a s t  method f o r  
c a l c u l a t i n g  c i r c u l a t i o n  p a t t e r n s  i s  based on measurements o f  sa l  i n i  t y  and 
temperature as f u n c t i o n s  o f  depth.  From these q u a n t i t i e s ,  one can 
c a l c u l a t e  t he  d e n s i t y  f i e l d .  Geostrophy ( t h e  s tudy o f  p o t e n t i a l  f l o w  
f i e l d s  on a  r o t a t i n g  r e fe rence  frame) e x p l o i t s  knowledge o f  t h e  d e n s i t y  
f i e l d  t o  determine t he  dynamic head d r i v i n g  l a r g e  sca le  c i r c u l a t i o n .  The 
p r ima ry  c o n t r i b u t o r s  t o  d e n s i t y  f i e l d  v a r i a b i l i t y  a re  s a l i n i t y  and 
temperature.  H i  s t o r i  c a l  l y  these q u a n t i t i e s  have been measured f r o m  water 
samples taken a t  d i s c r e t e  l o c a t i o n s .  More r e c e n t l y ,  t h e  d e n s i t y  f i e l d  
has been measured i n  s i t u  f rom c o n d u c t i v i t y ,  temperature,  and p ressure  
sensors appended t o  da ta  loggers .  Thi s w i r e  lowered CTD ( c o n d u c t i v i  t y  
and temperature as a  f u n c t i o n  o f  depth) sensor i s  t h e  backbone o f  l a r g e  
sca le  c i r c u l a t i o n  and g l oba l  hea t  budget s t u d i e s .  
I n  a d d i t i o n  t o  t h e  cab le  lowered CTD, severa l  p r o f i l i n g  i ns t r umen ts  
have been designed t o  address s p e c i f i c  process o r i e n t e d  s c i e n t i f i c  
ques t ions .  The na tu re  o f  these ques t ions  r e q u i r e s  o n l y  a  few i ns t r umen ts  
which have no widespread a p p l i c a t i o n .  As such, t hey  a re  n o t  commerc ia l l y  
v i a b l e  p roduc ts .  Table 1.1 summarizes t he  c a p a b i l i t i e s  o f  these 
ins t ruments  and c o n t r a s t s  them w i t h  the  a t t r i b u t e s  o f  t he  F l y i n g  F i s h .  
1.2.2 An O u t l i n e  o f  t he  P o t e n t i a l  B e n e f i t s  o f  the  F l y i n g  F i sh .  
Desp i te  many advances i n  sensor technology,  most sec t i ons  o f  t h e  
wo r l d  ocean a re  s t i  11 undersampled. Th is  undersampl i ng i s  d i r e c t l y  
a t t r i b u t a b l e  t o  t h e  h i g h  c o s t  o f  mount ing l a r g e  sca le  ocean m o n i t o r i n g  
programs us ing  p resen t  day technology.  The F l y i n g  F i s h  was des igned t o  
h e l p  break t h i s  c o s t  b o t t l e n e c k  by i n c r e a s i n g  deployment speeds by  a  
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f a c t o r  o f  between 3 and 6 (depending on s t a t i o n  d e n s i t y  and s h i p  speed; 
see F igu re  1 .1) .  The development o f  a  smal l ,  f a s t ,  s t r eam l i ned  f r e e - f a l l  
sensor p l a t f o r m  w i t h  acous t i c  homing c a p a b i l i t y  has severa l  t a n g i b l e  
b e n e f i t s :  
-Faster  deployment t imes shor ten  t he  t ime between f i r s t  and l a s t  
p r o f i l e s  o f  a  t rans-oceanic  sec t i on  t o  d r a m a t i c a l l y  improve t h e  
s y n o p t i c i t y  o f  t he  observa t ion .  
-Faster  deployment t imes reduce s h i p  o p e r a t i n g  cos t s .  
-Decoupl ing t he  s h i p  mot ion from t h e  sensor p l a t f o r m  improves t h e  
f l o w  around t he  sensors.  
- E l i m i n a t i o n  o f  t he  winch and t h e  e lec t romechan ica l  c a b l e  inc reases  
t he  number o f  sh ips  capable of c o l l e c t i n g  data.  
1.2.3 The F l y i n g  F i sh :  I t s  S p e c i f i c a t i o n s  and i t s  M iss ion .  
The f i s h  i s  designed t o  make, a t  a  minimum, 10 meter averages o f  
c o n d u c t i v i t y ,  temperature,  and depth.  The s c i e n t i f i c  m e r i t  o f  t h i s  goal  
i s  beyond t he  scope of t h i s  t h e s i s .  However, t h e  f i n i t e  response 
c h a r a c t e r i s t i c s  o f  t he  sensors, combined w i t h  a  s p a t i a l  r e s o l u t i o n  o f  10 
meters,  pu ts  a  p r a c t i c a l  upper l i m i t  (o f  o rde r  10 meters/second> on t h e  
d e s i r e d  t e rm ina l  v e l o c i t y  o f  the f i s h .  Other s c i e n t i f i c  c o n s i d e r a t i o n s  
which a re  i nco rpo ra ted  i n  t he  des ign o f  t he  f i s h  a re :  
- l e ss  than one hour  t u r n  around between s t a t i o n s  
-easy t o  use i n  t h e  f i e l d  ( t h e  comp lex i t y  o f  t he  e l e c t r o n i c s  shou ld  
be t r anspa ren t  to  t he  u s e r ) .  
- po r t ab le  ( i n c l u d i n g  a l l  suppor t  equipment needed f o r  d a t a  a r c h i v i n g  
and sensor c a l i b r a t i o n )  
1 Cable lowered CTD, ship speed of 15 kts. 
2 Flying Fish CTD, ship speed 10 kts. 
3 Flying Fish CTD, ship speed of 15 kts. 
DISTANCE BETWEEN STATIONS (MILES) 
Figure 1.1. Intercomparison of Flying Fish and cable lowered CTD. 
Performance based on 40 minute and 4 hour deployments 
to full ocean depth. 
-automated t e s t i n g  and sensor c a l i b r a t i o n  t o  a s s i s t  i n  t he  q u a l i t y  
c o n t r o l  o f  data.  
Th is  l a s t  c o n s i d e r a t i o n  goes beyond t he  des ign of  t he  f i s h  i t s e l f ,  
bu t  i s  i nc l uded  here because t he  mechanical and e l e c t r o n i c  i n t e r f a c e s  
must be ab le  t o  i n c o r p o r a t e  such capabi 1  i t i e s .  
1.3 ENGINEERING SYSTEM SPECIFICATIONS. 
Th is  t h e s i s  descr ibes  t he  development o f  a  manueverable f r e e - f a l l  
v e h i c l e  as a  p l a t f o r m  f o r  a  s u i t e  o f  hydrographic  sensors.  The 
i ns t r umen t ' s  p r i n c i p a l  a t t r i b u t e s ,  p o r t a b i  1  i t y  and speed, a re  based on 
s c i e n t i f i c  need. I n  t h i s  sec t i on ,  these requi rements  a re  t r ans1  a t e d  i n t o  
a  s e t  o f  c o n s i s t e n t  eng ineer ing  s p e c i f i c a t i o n s .  
As s t a t e d  above, speed i s  a  d e s i r a b l e  goa l .  The lower  bound o f  
acceptab le  performance i s  o b v i o u s l y  g i ven  by t he  speed of  p resen t  day 
deployments ( r o u g h l y  one t o  two meters per  second). The upper bound i s  a  
f u n c t i o n  o f  bo th  t he  response c h a r a c t e r i s t i c s  of t h e  sensors and o f  the  
s p a t i a l  r e s o l u t i o n  d e s i r e d  i n  t he  measured q u a n t i t i e s .  For the  s tudy  o f  
general  c i r c u l a t i o n ,  t h i s  t r a n s l a t e s  i n t o  sensor f a l l  r a t e s  o f  5 t o  10 
m l s  through the  water  column. Once t he  s i z e  and shape o f  t he  f i s h  have 
been ou t1  ined ,  t he  r e s t  o f  t h e  hydrodynami c  envelope can be de f ined  based 
on maneuve rab i l i t y  requi rements .  
1.3.1 De te rmin ing  Veh i c l e  S ize .  
Given t h a t  speed i s  t h e  p r ima ry  performance c r i t e r i o n ,  t h e  f i r s t  
s tep  i s  t o  d e f i n e  t h e  s i z e  o f  t he  f i s h .  The lower  bound i n  f i s h  s i z e  i s  
g i ven  by t h e  pay load requi rements .  These i nc l ude :  
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-propul  s i o n  mechani sm 
- v e h i c l e  guidance and c o n t r o l  sub-assembly 
-da ta  a q u i s i t i o n  and s to rage  e l e c t r o n i c s  
Assume t h a t  the  f o l  l ow ing  crude r e 1  a t i o n s h i  ps a re  va l  i d :  
( 1 ) t h e  drag f o r c e  (and hence the t e rm ina l  v e l o c i t y )  i s  independent 
o f  Reynolds Number and i s  p r o p o r t i o n a l  t o  ( v o l  me)^'^. 
(2)  the p r o p u l s i v e  f o r ce  ( r ega rd l ess  of the  p r o p u l s i o n  system) i s  
p r o p o r t i o n a l  t o  displacement (eg.  the  s i z e  o f  the  energy r e s e r v o i r ) .  
I f  these r e l a t i o n s h i p s  ho ld ,  then t h e  speed o f  t he  f i s h  can be 
increased w i t h o u t  l i m i t  by j u s t  making i t  b igge r .  Thus, t he  upper bound 
o f  t he  v e h i c l e  s i ze ,  if based on speed as t he  o n l y  c r i t e r i o n ,  i s  i n f i n i t e .  
I n  p r a c t i c e ,  t he re  i s  a  p e n a l t y  p r o p o r t i o n a l  t o  s i z e .  A b i g g e r  f i s h  
r e q u i r e s  more s o p h i s t i c a t e d  hand l i ng  equipment (see F igu re  1.2 f o r  a  
schematic r ep resen ta t i on )  and i s genera l  l y  more expensive t o  bu i  1  d. Th i  s  
c o s t  b e n e f i t  r e l a t i o n s h i p  i s  de r i ved  i n  Appendix A.  Th is  d e r i v a t i o n  
shows t h a t  if c o s t  i s  an impo r tan t  parameter i n  t he  des ign  o f  t he  f i s h ,  
t he re  e x i s t s  a  s t r ong  argument f o r  a  smal l  f i s h .  
1.3.2 The Optimum Shape. 
One o f  t he  p r imary  mot i ves  behind b u i l d i n g  t h e  F l y i n g  F i s h  i s  t o  
speed up da ta  c o l l e c t i o n .  Given a f i x e d  pay load and d r i v i n g  f o r c e ,  t h e  
speed i s  s t r i c t l y  a  f u n c t i o n  of the  d rag  c h a r a c t e r i s t i c s  o f  t he  f i s h .  
Thus, s t r e a m l i n i n g  t o  reduce drag and p r o v i d e  smooth f low over  t h e  
c o n t r o l  sur faces i s  e s s e n t i a l .  
I n  the  s i z e  and speed range o f  t h e  F l y i n g  F i sh ,  two genera l  c lasses  
o f  s t reaml ined  bodies e x i s t :  laminar  and t u r b u l e n t  p r o f i l e s .  Th i s  
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Figure 1.2 . Handling Difficulty and Manpower Requirements for 
Several Oceanographic Instrument Systems. 
c l a s s i f i c a t i o n  r e f e r s  q u a l i t a t i v e l y  t o  t he  c h a r a c t e r i s t i c s  o f  t h e  f l u i d  
boundary l a y e r  sur rounding the  body. Laminar bodies can have drag f o r c e s  
o f  as l i t t l e  as 30% of t he  drag of a  conven t iona l  body o f  t h e  same 
d isp lacement  (Parsons and Goodson,). Th is  i n c r e d i b l e  performance i s  
u n f o r t u n a t e l y  o f f s e t  by severa l  i nhe ren t  drawbacks which l i m i t  t h e i r  
p r a c t i c a l  i t y :  
- l aminar  p r o f i l e s  a re  ve r y  suscep t i b l e  t o  surface i m p e r f e c t i o n s  and 
t o  the  presence o f  suspended m a t t e r  i n  t he  water  column. Typ i ca l  l y  t h e  
su r face  f i n i s h  must be o p t i c a l l y  smooth. Should a  t u r b u l e n t  boundary 
l a y e r  be t r i p p e d  p rematu re ly  by a  surface s c r a t c h  t he  d rag  p e n a l t y  i s  
s u b s t a n t i a l .  
-a p a u c i t y  o f  t e c h n i c a l  d a t a  i n  t he  open l i t e r a t u r e  on 
maneuve rab i l i t y  and s t a b i l i t y  o f  these low d rag  bodies.  
With these p r a c t i c a l  l i m i t a t i o n s  i n  mind, a  more conse rva t i ve  
approach was chosen. The conven t iona l  p r o f i l e s  of t h e  SERIES 58 bod ies  
o f  r e v o l u t i o n  de r i ved  and t e s t e d  a t  the  Dav id  Tay lo r  Model Bas in  were 
chosen f o r  s tudy.  The p o t e n t i a l  performance o f  these shapes i s  d iscussed  
i n  Chapter 2 .  
1.3.3 The P ropu l s i on  Mechanism 
Because o f  t h e  un ique m iss i on  o f  t he  f i s h ,  t o  v e r t i c a l l y  p r o f i l e  t h e  
ocean, a c t i v e  p r o p u l s i o n  was d iscarded  i n  f a v o r  o f  e x p l o i t i n g  t h e  
g r a v i t a t i o n a l  p o t e n t i a l  of an expendable s l u g  of  dense m a t e r i a l  which i s  
dropped on each d i v e .  A hundred pound s l u g  of  s t ee l  i s  r o u g h l y  
equ i va l en t  t o  a  4 HP motor d r i v i n g  t he  f i s h  a t  15 kno t s .  Th i s  approach 
does away w i t h  bo th  t h e  l a r g e  d r i v e  motor and i t s  a t t e n d a n t  energy 
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storage requi rements .  The sma l l e r  f i s h  i s  no t  o n l y  e a s i e r  t o  handle i n  a  
seaway b u t  i s  s imp le r  and l e s s  expensive t o  b u i l d .  
1.3.4 The Need f o r  Acoust ic  Homing. 
The need f o r  acous t i c  homing i s  based on the  f a c t  t h a t  t h e  speed 
advantage, o f  a  s t reaml ined  body i s  l o s t  i f  recovery  t ime  i s  excess ive.  
T y p i c a l l y ,  when recove r i ng  an oceanographic i ns t r umen t  a t  sea, the  s h i p  
i s  maneuvered t o  w i t h i n  a  few meters of t he  ins t rument ,  where i t  i s  then  
hooked and brought  aboard. Thi  s  procedure takes a  m i  nimum o f  h a l f  an 
hour and o f t e n  more than an hour .  By hav ing  a  maneuverable i ns t r umen t  
and s t e e r i n g  i t  toward a  r ecove ry  f i x t u r e ,  the  r ecove ry  t ime  can be 
min imized and t h e  s h o r t  deployment t ime  preserved.  F i gu re  1.3 i s  a  
schematic o f  t h i  s  o p e r a t i o n a l  scenar io .  
1.3.5 The Performance Envelope. 
The performance envelope descr ibes  t he  maximum g l i d e  ang le  t h a t  t h e  
f i s h  i s  designed f o r .  Th is  i s  r e l a t e d  t o  t he  s t a t i o n  keep ing  a b i l i t y  o f  
the  su r face  s h i p  once i t  has deployed t he  f i s h .  For a  d i v e  t o  f u l l  ocean 
depth (6000 meters)  the  su r f ace  suppor t  vessel  should  be a b l e  t o  s t a y  
w i t h i n  a  1000 meter r a d i u s  o f  t h e  deployment area. Th i s  t r a n s l a t e s  i n t o  
a  g l i d e  envelope o f  about 10 degrees. Th is  envelope i s  used t o  d e f i n e  
t he  s i z e  and shape o f  the  c o n t r o l  su r f ace  (Sec t i on  2.3.21, t o  d e f i n e  t h e  
s e n s i t i v i t y  o f  t h e  a c t u a t o r  (Sec t i on  3.5.41, and t o  bound t h e  c o n t r o l  
l oop  c h a r a c t e r i s t i c s  (Sec t i on  5.4.31. 
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Figure 1.3 Schematic of t h e  Ope ra t iona l  Sena r io .  
( a f t e r  A l b e r t  &adley)  
1.3.6  Turn Around Time Between Deployments. 
On p resen t  day hydrographic  surveys, t he  t y p i c a l  d i s t ance  between 
CTD s t a t i o n s  i s  r ough l y  50 n a u t i c a l  m i l es ,  though i n  dens ly  sampled areas 
i t  can be as l i t t l e  as 5 t o  10 n a u t i c a l  m i l es .  With sh i p  speeds 
averag ing  between 10 and 15 knots ,  t ime  between s t a t i o n s  i s  o f  o r d e r  1 t o  
3 hours .  I n  t h i s  t ime  i n t e r v a l  t he  f i s h  must recupera te  f r om  t h e  l a s t  
d i v e  and be ready f o r  t he  nex t  one. Th is  t i g h t  schedule p rec ludes  t h e  
p o s s i b i l i t y  o f  opening t h e  p ressure  housing as p a r t  o f  the  o p e r a t i o n a l  
sequence. Thus, p r o v i s i o n  must be made i n  t he  des ign f o r  d a t a  d i scha rge  
and b a t t e r y  recharge through an e x t e r n a l  connect ion.  Typ i ca l  d a t a  
volumes can be used t o  d e f i n e  t he  da ta  r a t e s  th rough  t h i s  connec t i on .  
For t h e  moment, i t  i s  s u f f i c i e n t  t o  s t a t e  t h a t  a 20 m i l l i a m p e r e  SAIL 
( S e r i a l  ASCII Ins t rument  Loop) a t  9600 Baud w i l l  handle t he  expected da ta  
t r a n s f e r  i n  h a l f  an hour and o p e r a t i o n a l  b a t t e r y  recharge shou ld  t ake  
a l s o  about h a l f  an hour .  
1.4 Summary. 
The impor tan t  performance c r i t e r i o n  a re :  
-speed; as f a s t  as p r a c t i c a l  w i t h i n  t he  l i m i t s  o f  sensor measurement 
c a p a b i l i t i e s  ( o f  o rde r  5 t o  10 mls )  
-s i ze ;  t he  sma l l es t  v e h i c l e  t h a t  can accomodate the  pay load  w i t h  a 
L ID r a t i o  no sma l le r  than  5 .  
-acous t i c  homing t o  a r ecove ry  f i x t u r e .  
- low o p e r a t i o n a l  maintenance: 1 hour t o  t r a n s f e r  da ta  and 
recha rge l r ep l  ace b a t t e r i e s .  
2. VEHICLE HYDRODYNAMICS 
2.1 BACKGROUND 
I n  t he  p rev ious  chap te r ,  t h e  s c i e n t i f i c  m i ss i on  requ i rements  were 
used t o  o u t l i n e  t he  eng ineer ing  s p e c i f i c a t i o n s .  O f  these s p e c i f i c a t i o n s ,  
the  speed and performance envelope impact ( 1  ) t h e  shape o f  t he  body and 
the  s i z e  o f  the  c o n t r o l  su r faces ,  ( 2 ) t he  s i z e ,  p ropu l s i on ,  and o p e r a t i n g  
depth a f f e c t  the  mechanical des ign,  and (3) t he  t ime between s t a t i o n s  
a f f e c t s  t he  e l e c t r i c a l  i n t e r f a c e .  I n  t h i s  chapter ,  t h e  p r ima ry  
cons ide ra t i on  o f  speed and v e h i c l e  drag i s  f o l l o w e d  by  a  d i s c u s s i o n  o f  
the  t o t a l  s t a b i l i z i n g  f i n  and c o n t r o l  su r f ace  area as d e f i n e d  by t h e  
s t a b i l i t y  requi rements .  The maneuve rab i l i t y  requi rements  a re  used t o  
design t he  c o n t r o l  su r f ace  a c t u a t o r  ( bo th  f i n  s i z e  and a c t u a t o r  
torquelspeed c h a r a c t e r i s t i c s ) .  L a s t l y ,  a  s e n s i t i v i t y  a n a l y s i s  o f  t h e  
v e h i c l e  hydrodynamics i s  e x p l o i t e d  t o  es t ima te  homing e r r o r s  due t o  
p e r t u r b a t i o n s  i n  t h e  c o n t r o l  l oop  and e r r o r s  made i n  measur ing t h e  
des i r ed  v e h i c l e  t r a j e c t o r y .  
A comprehensive t heo ry  f o r  f l o w  about an e longa ted  body moving 
through a  v iscous f l u i d  which agrees w i t h  exper imenta l  r e s u l t s  and which 
accu ra te l y  p r e d i c t s  f o r c e s  and moments i s  s t i  11 n o t  ava i  l a b l e .  
Never the less,  some e m p i r i c a l l y  d e r i v e d  p r i n c i p l e s  have been e s t a b l i s h e d  
f o r  making usable es t imates  o f  these q u a n t i t i e s .  For t h e  F l y i n g  F i s h ,  
t he  major hydrodynamic cons ide ra t i ons  a re :  (1 )  drag; ( 2 ) s t a t i c  s t a b i l i t y ;  
( 3 ) g l i d e  angle;  (4)homing e r r o r ;  and (5) v e h i c l e  dynamics and c o n t r o l .  
The v e h i c l e  i s  assumed t o  be ax isymmetr ic ,  which reduces t h e  equa t ions  o f  
mot ion (see Sec t ion  5.4.1) t o  a  s i n g l e  second o rde r  d i f f e r e n t i a l  equa t ion  
which can be so lved a n a l y t i c a l l y .  The p i t c h  and yaw dynamics a r e  assumed 
t o  be decoupled and phys i ca l  l y  i d e n t i c a l ,  a  tremendous simp1 i f i  c a t i o n  i n  
t he  c o n t r o l  a l go r i t hm .  
2.2 THE EFFECT OF BODY SHAPE ON SPEED AND DISPLACEMENT. 
2.2.1 Axisymmetr ic Bodies i n  t h e  Laminar Flow Regime. 
Laminar boundary l a y e r s  impa r t  a  lower shear s t r e s s  a t  an i n t e r f a c e  
than t u r b u l e n t  boundary l aye rs .  The boundary l a y e r  t ype  ( l a m i n a r  o r  
t u r b u l e n t )  i s  a  f u n c t i o n  o f  t he  Reynolds Number, and i s  g e n e r a l l y  f i x e d .  
The o p e r a t i n g  Reynolds Numbers o f  t he  F l y i n g  F i s h  i s  i n  the  t r a n s i t i o n  
r e g i o n  between laminar  and t u r b u l e n t  boundary l a y e r s  (see F i g u r e  2 .1 ) .  
With ca re ,  the  Reynolds Numbers cha rac te r i zed  by a  laminar  boundary l a y e r  
can be extended. The r e s u l t i n g  d i f f e r e n c e  i n  drag c o e f f i c i e n t  on a  
s t r eam l i ned  body o f  r e v o l u t i o n  can be as much as a  f a c t o r  o f  f o u r .  For  a  
g iven  pay load and d r i v i n g  f o r c e ,  t h i s  means a  laminar  boundary l a y e r  w i l l  
r e s u l t  i n  tw i ce  t h e  t e rm ina l  v e l o c i t y .  S ince speed i s  a  p r i m a r y  
cons ide ra t i on ,  t h e r e  i s  a  s t r o n g  i n c e n t i v e  t o  pursue t h i s  l i n e  o f  
i n v e s t i g a t i o n .  
There a re  two ways t o  hamper t he  growth o f  a  t u r b u l e n t  boundary 
l a y e r :  (1) induce a  f avou rab le  p ressure  g r a d i e n t  i n  t h e  d i r e c t i o n  o f  the  
f l ow ;  t h i s  can be accomplished i n  a  p u r e l y  geomet r i ca l  f a s h i o n  by  
i n c r e a s i n g  t he  body g i r t h  a t  a  s p e c i f i e d  r a t e  (Parsons and Goodson; 
Carmichael ,  personal  communication); (2 )  induce a  d e n s i t y  g r a d i e n t  
o r thogona l  t o  t he  f l o w ;  severa l  a t tempts  t o  ach ieve t h i s  by exhaus t i ng  
heat  and long  polymer cha ins th rough  t he  bow o f  submarines and torpedoes 
have been m a r g i n a l l y  successfu l  (Carmichael ,  personal  communication; 
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Leehey, personal  communication). 
The f i r s t  approach t o  m a i n t a i n i n g  a  laminar  boundary l a y e r  was found 
t o  be suscep t i b l e  t o  t he  sur face f i n i s h  ( o p t i c a l l y  smooth) and t o  t h e  
presence o f  p a r t i c u l a t e s  suspended i n  the  water  column. The p e n a l t y  f o r  
premature f o r m a t i o n  of a  t u r b u l e n t  boundary l a y e r  was a  d ramat i c  i nc rease  
i n  t he  drag c o e f f i c i e n t  (Carmi chael  , Leehey, personal  communication) 
which r e s u l t e d  i n  l a r g e  s c a t t e r  i n  t h e  t e rm ina l  v e l o c i t y  o f  the  body when 
measured under r e a l i s t i c  c o n d i t i o n s .  The second approach t o  suppress ing 
t h e  growth o f  a  t u r b u l e n t  boundary l a y e r  was deemed i m p r a c t i c a l  i n  t h i s  
a p p l i c a t i o n  and n o t  pursued. For t h e  F l y i n g  F i sh ,  where deployments f r o m  
t h e  deck o f  work ing  vesse ls  w i l l  be r o u t i n e ,  l aminar  p r o f i l e s  were 
abandoned i n  f avou r  o f  conven t iona l  s t r eam l i ned  bodies.  
2.2.2 SERIES 58 Bodies o f  Revo lu t i on .  
The two non-dimensional q u a n t i t e s  o f  i n t e r e s t  i n  t h i s  s e c t i o n  a r e  
t he  drag c o e f f i c i e n t  and the d isp lacement  c o e f f i c i e n t .  For f r e e - f a l l  
veh i c l es ,  t h e  drag c o e f f i c i e n t  i s  used t o  r e l a t e  t he  p r o p u l s i v e  f o r c e  t o  
t h e  t e rm ina l  v e l o c i t y .  The d isp lacement  c o e f f i c i e n t  i s  an i n d i c a t o r  o f  
t h e  payload c a p a c i t y  of the  body. The s e n s i t i v i t y  o f  these q u a n t i t i e s  t o  
changes i n  v e h i c l e  shape was used t o  d e f i n e  t h e  f i n a l  hydrodynamic 
o u t l i n e  o f  t h e  bare h u l l  o f  the  f i s h .  
Though severa l  t h e o r i e s  e x i s t  t o  p r e d i c t  drag f o r c e s  a n a l y t i c a l l y ,  
i t  i s  e s s e n t i a l l y  a  non- l i near  phenomenon t h a t  i s  b e s t  s t u d i e d  
e m p i r i c a l l y .  I n  an unbounded f l u i d ,  t h e  Reynolds number becomes t h e  o n l y  
s i g n i f i c a n t  non-dimensional parameter necessary t o  desc r i be  drag f o r c e s .  
By l i m i t i n g  t h e  s tudy  o f  drag forces t o  those on s t r eam l i ned  bodies o f  
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rev01 u t i o n ,  one f i n d s  s u b s t a n t i  a1 o p e r a t i n g  r e g i o n s  where t h e  d r a g  
c o e f f i c i e n t s  a r e  independent  o f  t h e  Reynolds Number (see F i g u r e  2 .1 ) .  
A  s t u d y  o f  t h e  model t a n k  t e s t s  of  t h e  S E R I E S  58 bod ies  o f  
r e v o l u t i o n  i n i t i a l l y  conducted by t h e  Dav id  T a y l o r  Model Bas in  l e a d s  t o  
t h e  f o l l o w i n g  broad c o n c l u s i o n s :  
-The optimum LID based on d r a g  c h a r a c t e r i s t i c s  a l o n e  i s  7 .  Fo r  L/D 
l e s s  t h a n  7, t h e  form d r a g  i s  t h e  ma jo r  c o n t r i b u t o r ;  f o r  L ID  g r e a t e r  t h a n  
7, t h e  s k i n  f r i c t i o n  becomes s u b s t a n t i a l .  
-The s e n s i t i v i t y  o f  d rag  f o r c e  t o  LID f o r  L I D  as low  as 5  i s  o n l y  
4%.(see F i g u r e  2 .2 ) .  
-The d i sp lacement  c o e f f i c i e n t  i s  v e r y  s e n s i t i v e  to  L ID  (see F i g u r e  
2 . 3 ) .  
- s i n c e  d r a g  i s  p r o p o r t i o n a l  t o  t h e  square o f  t h e  v e l o c i t y ,  t h e  most 
e f f e c t i v e  use o f  b a l l a s t  ( i e  t h e  minimum deployment t i m e  f o r  a  g i v e n  
p o t e n t i a l  energy)  i s  t o  d e s i g n  a  v e h i c l e  w i t h  an ascen t  r a t e  equal  t o  t h e  
r a t e  o f  decent .  
- t h e  a d d i t i o n  o f  c o n t r o l  s u r f a c e s  t y p i c a l l y  adds 15% t o  t h e  d r a g  
c o e f f i c i e n t ,  a  4% r e d u c t i o n  i n  t h e  t e r m i n a l  v e l o c i t y  (Abkow i t z ,  1969) .  
For  t h e  p r o t o t y p e  f i s h  t h e  SERIES  58 p r o f i l e  4175 (see Tab le  2 .1)  
w i t h  a  l e n g t h  t o  d iamete r  r a t i o  o f  5 was chosen. The reasons a r e  
two- fo ld :  ( 1 ) t h e  p e n a l t y  f o r  a  non-optimum d r a g  c o e f f i c i e n t  i s  sma l l  ( o f  
o r d e r  5%); ( 2 ) t h e  l a r g e  d i sp lacement  c o e f f i c i e n t  r e s u l t s  i n  a  r e l a t i v e l y  
l a r g e  pay load  i n  a  sma l l  v e h i c l e .  The s m a l l e s t  v e h i c l e  w i t h  an 
accep tab le  d r a g  pena l  t y  t h a t  c o u l d  accomodate t h e  pay load  ( i n c l  u d i  ng 
f l o a t a t i o n  m a t e r i a l s  t h a t  c o u l d  w i t h s t a n d  an o p e r a t i n g  env i ronment  o f  
10,000 p s i . )  was a  2  mete r  l o n g  p r o t o t y p e  d i s p l a c i n g  0.17 c u b i c  m e t e r s .  
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F i g u r e  2 . 2 .  T h e  E f f e c t  o f  LID o n  D r a g  C o e f f i c i e n t  ( a f t e r  H o e r n e r )  
W i t h  D a t a  f r o m  t h e  D a v i d  T a y l o r  M o d e l  B a s i n .  
Figure 2.3 The Effect of Lenth to Diameter Ratio on Payload 
Capacity-for a Prolate Spheroid. 
Polynomial f o r  t h e  2  dimensional  p r o f i l e  of t h e  S e r i e s  58 
model 4175: 
where a = 1 1.000000 
a 2  = 0.837153 
a3 = - 8.585996 
a4 = +14.075954 
a5 = -10.542535 
a6 = 3.215422 
Wetted Sur face  C o e f f i c i e n t  = - = 0 . 7 4 2 6  
L D 
X Longi tud ina l  Cen te r  of Buoyancy = - = 0.4484 
L 
Model l e n g t h :  9  f t .  LID = 5 
volume: 13.74 f t  3  
Wetted s u r f a c e :  37.79 f t  2  
Table  2 .1  P h y s i c a l  Dimensions o f  t h e  S e r i e s  58 Model 4175 
Bare H u l l  Used f o r  t h e  F ly ing  F i s h  (LID = 5 ) .  
The u n b a l l a s t e d  f i s h  i s  23 Kg. buoyant and, f r o m  t h e  e m p i r i c a l  r e s u l t s  
compi led by  t h e  Dav id  Tay lo r  Model Bas in ,  has a  t e r m i n a l  v e l o c i t y  o f  6 
112 meters  pe r  second (see F i g u r e  2 . 4 ) .  
2.3 STATIC STABILITY AND THE DESIGN OF STABILIZING FINS 
For  a  body a c t e d  on o n l y  by  hydrodynamic fo rces  i n  an i n f i n i t e  
f l u i d ,  an e q u i l b r i u m  s t a t e  i s  one i n  which t h e  moments and f o r c e s  sum t o  
zero .  Fo r  an ax i symmet r i c  body, s t r a i g h t  ahead m o t i o n  a t  c o n s t a n t  
v e l o c i t y  i s  t h e  e q u i l i b r i u m  s t a t e  used f o r  s t a b i l i t y  s t u d i e s .  A  s t a b l e  
body i s  one which r e t u r n s  t o  e q u i l i b r i u m  when p e r t u r b e d .  S t a t i c  
s t a b i  1  i t y  d e s c r i b e s  o n l y  the i n i t i a l  tendency o f  t h e  body t o  r e t u r n  t o  
e q u i l i b r i u m  and does n o t  guarantee u l t i m a t e  s t a b i l i t y .  
The c o o r d i n a t e  system chosen t o  sum moments and f o r c e s  (see F i g u r e  
2.5) agrees w i t h  t h e  SNAME s t a n d a r d  (SNAME, 1950). The o r i g i n  i s  a t  t h e  
c e n t e r  o f  g r a v i t y  (CG), bo th  X-Y and X-Z f o r m  p lanes  o f  symmetry, and X, 
Y ,  and Z a r e  p r i n c i p a l  axes o f  i n e r t i a .  These c o n d i t i o n s  g r e a t l y  
s i m p l i f y  t h e  equa t ions  o f  mo t ion  (Abkowi tz ,  1969). The e q u a t i o n s  o f  
mot ion,  d e r i v e d  i n  S e c t i o n  5.4.1,  show t h a t  o n l y  t h e  p i t c h i n g  moment 
c o e f f i c i e n t  a f f e c t s  s t a t i c  s t a b i l i t y .  The yawing moment, b y  symmetry, i s  
a  decoupled system d e s c r i b e d  b y  t h e  same e q u a t i o n .  
The p r i m a r y  purpose o f  s t a b i l i t y  s t u d i e s  i s  t o  see i f  a  p a s s i v e  
v e h i c l e  w i l l  m a i n t a i n  s t r a i g h t  l i n e  m o t i o n  i n  t h e  presence o f  
p e r t u r b a t i o n s .  Severa l  e m p i r i c a l  methods f o r  d e r i v i n g  t h e  s t a b i  1  i t y  of  a  
s t r e a m l i n e d  body have been deve loped f o r  to rpedoes,  a i r p l a n e  fuse lages ,  
m i s s i l e s ,  and d i r i g i b l e s .  The method used he re  i s  based on e m p i r i c a l  
c a l c u l a t i o n s  ( d e r i v e d  a t  Rockwel l  f o r - a i r p l a n e  fuse lages)  o f  t h e  
Figure 2.4 Round Trip Deployment Time for the Flying Fish 
Based on Series 58 Model 4175 and a Water Depth 
of 6000 meters. 
Figure 2.5 Definition of the Coordinate System Used to 
Derive the Equations of Motion. 
u p s e t t i n g  moment induced on t h e  ba re  h u l l  by t h e  f l u i d .  S t a b i l i z i n g  f i n s  
were t h e n  designed t o  p r o v i d e  a  r i g h t i n g  moment 25% g r e a t e r  than t h e  
u p s e t t i n g  moment (Carmichae l ,  pe rsona l  communicat ion).  The e f f e c t s  of 
f i n i t e  aspec t  r a t i o  f i n s ,  h u l l  i n t e r f e r e n c e ,  and wake t u r b u l e n c e ,  based 
on severa l  r e f e r e n c e s ,  were i n c l u d e d  i n  t h e  c a l c u l a t i o n  o f  f i n  s i z e  (see 
S e c t i o n  2.3.2). I f  t h e  s t a b i l i z i n g  f i n s  a r e  t o o  l a r g e ,  t h e n  the  v e h i c l e  
w i  11 be so s t a b l e  as t o  n o t  respond t o  rudder  comands. Thus, t h e  s i z e  of 
t h e  s t a b i l i z i n g  f i n s  i s  a  measure o f  the  s e n s i t i v i t y  o f  t h e  v e h i c l e  
a t t i t u d e  to  rudder  commands. T h i s  r e l a t i o n s h i p  o f  v e h i c l e  a t t i t u d e  t o  
rudder  a n g l e  i s  d e r i v e d  f o r  t h e  quas i - s teady  cdse i n  S e c t i o n  2.4.2.  T h i s  
a n a l y s i s  i s  h e l p f u l  i n  d e s i g n i n g  t h e  s i z e  o f  t h e  c o n t r o l  sur faces.  The 
e f f e c t  o f  t i m e  v a r y i n g  rudder  c o n t r o l  on v e h i c l e  dynamics i s  d i s c u s s e d  
i n  S e c t i o n  5.4.3 i n  r e l a t i o n  t o  t h e  c o n t r o l  l o o p  c o n s t a n t s  used i n  t h e  
a u t o p i  l o t  model . 
2.3.1 The U p s e t t i n g  Moment. 
2.3.1.1 H i s t o r y .  
Whi le  t h e  i n v i c i d  f l u i d  assumpt ion i s  a  poor  one f o r  e s t i m a t i n g  d r a g  
f o r c e s ,  i t  i s  reasonab le  f o r  p r e d i c t i n g  l i f t  f o r c e s  and p i t c h i n g  moments 
on a s t r e a m l i n e d  body. I n  1923 Munk d e r i v e d  an e m p i r i c a l  fo rmula  t o  
p r e d i c t  t h e  p i t c h i n g  moment of s l e n d e r  bod ies  w i t h  c o n s t a n t  d e n s i t y  
d i s t r i b u t i o n .  T h i s  work formed t h e  b a s i s  o f  s t a b i l i t y  p r e d i c t i o n s  used 
i n  t h e  des ign  o f  d i r i g i b l e s  b u t  d i d  n o t  t a k e  i n t o  accoun t  t h e  e f f e c t  o f  
v a r i a b l e  c e n t e r  o f  g r a v i t y  on s t a b i l i t y .  
2.3.1.2 The E f f ec t  o f  the Center o f  Grav i ty  on S t a b i l i t y ,  the  Rockwell 
Formula. 
I n  order t o  include the e f f ec t s  of  an uneven d i s t r i b u t i o n  o f  mass, 
Rockwell developed an empi r i c a l  method f o r  ca l cu la t i ng  the upset t ing 
moment as a function o f  vehic le geometry and center o f  g r a v i t y  (Perkins 
and Hage, 1949). This work was o r i g i n a l l y  done t o  a i d  i n  the  design of 
a i rp lane fuselages. Equation 2.1 i s  the dimensional ized.  form o f  the 
Rockwell formula. The parameter K g  i s  taken from F igure 2.6 ( a f t e r  
Perkins and Hage, 1949). 
where M i s  the p i t ch i ng  moment 
a i s  the angle o f  a t tack 
Lf i s  the fuselage length  
Ss i s  the projected s ide area o f  the h u l l  
h l ,  h2, "1, and w2 are geometric parameters given 
by Figure 2.7 
KB i s  given by Figure 2.6 as a funct ion o f  L/D and CG 
posi t ion.  
For the F l y i nq  Fish: 
= 1 000 ~ ~ / m ~  
U = 7 m/s 
S ,  = .37 m2 
L f = 2 m  
Equation 2.1 Dimensionalized p i t ch i ng  moment and s t a t i c  s t a b i l i t y  
equation as developed by North American Av ia t ion  Inc. (Rockwell 
In ternat iona l  ) ; a f t e r  Perkins and Hage, 1949. 
POSITION OF CGIFUSELAGE LENGTH 
Figure 2.6 Empirically Determined Fuselage Directional Stability 
Coefficient (K ) .  Originally from North American Aviation B Inc.; (after Perkins and Hage, 1949). Note that f o r  an 
axisymmetric body, h = w and h = w 1 1  2 2 '  
2.3.1.3 C a l c u l a t i n g  t he  Bare H u l l  U p s e t t i n g  Moment f o r  t he  Se r i es  58 P r o f i l e  
#4175 Using the  Rockwell Formula. 
The geometr ic c h a r a c t e r i s t i c s  o f  t h e  body and t he  va lues  used to  
c a l c u l a t e  the  u p s e t t i n g  moment a re  g i ven  i n  Table 2.1. The r e s u l t s  a r e  
p l o t t e d  as a  f u n c t i o n  o f  CG i n  F i gu re  2.7.  S ince m a n e u v e r a b i l i t y  i s  o n l y  an 
issue d u r i n g  ascent  when t he  v e h i c l e  i s  homing i n  on t h e  a c o u s t i c  beacon, t he  
cen te r  o f  buoyancy, r a t h e r  than  t h e  cen te r  o f  g r a v i t y ,  becomes t he  govern ing  
independent v a r i a b l e  i n  c a l c u l a t i n g  t h e  u p s e t t i n g  moment. Though t h e  f i n a l  
weight d i s t r i b u t i o n  (which i s  a  f u n c t i o n  o f  t h e  d e t a i l s  o f  t he  pay load  
d i s t r i b u t i o n )  has y e t  t o  be s ta ted ,  t he  p r e d i c t e d  u p s e t t i n g  moment i s  o f  
o rde r  60 Nddegree .  
2.3.2 The S t a b i l i z i n g  Moment. 
Equat ion 2.2 was used t o  c a l c u l a t e  t h e  c o r r e c t i n g  moment f o r  u n d e f l e c t e d  
c o n t r o l  surfaces g i ven  the  2 d imensional  f o i l  c h a r a c t e r i s t i c s  ( F i g u r e  2.8) 
and the  f o i l  geometry (F igure  2.9). 
dM - dL 
-- 
d L 
. x l  q1 n l  nl  n l  + (z) . x1 + B(CB-CG) 2.2  da Wfin annul us 
where X I  = d i s t ance  between t he  CG and t h e  114 chord  o f  t he  t a i  1  f i n  
n 1  = c o r r e c t i o n  f o r  low aspect  r a t i o  
n2 = c o r r e c t i o n  f o r  h u l l  i n t e r f e r e n c e  
q 3  = c o r r e c t i o n  for wake losses  
q4 = c o r r e c t i o n  for end p l a t e  e f f e c t  
B  = t h e  r i g h t i n g  moment o f  t h e  Buoyancy 
1 2 -  
and  L!= = *  . 7 pU c b ( t h i s  i s  t h e  2-0 l i f t  cu rve  s lope;  see dcr dcr Figure 2.8) 
c  and b a r e  geometr ic  parameters g i v e n  by F i g u r e  2.10 
%- MUNK 
F i g u r e  2 . 7  P r e d i c t e d  P i t c h i n g  Moment a s  a F u n c t i o n  of t h e  Cen te r  
of G r a v i t y  of t h e  F l y i n g  F i s h  Bare H u l l  (measured from 
Leading Edge of t h e  H u l l ) ,  
To f i r s t  o rde r ,  q1  and q4 negate each o t h e r .  For the  F l y i n g  F i s h ,  t he  
f o l l o w i n g  values were de r i ved  f r om Abkowitz:  
q 2  = . 8  t o  .9  
q 3  = . a  
Th is  equa t ion  r evea l s  t h a t  t he  s t a b i l i t y  can be increased by:  
-moving the  s t a b i l i z i n g  f i n s  f a r t h e r  a f t  ( i n c r e a s i n g  x )  
- i n c reas ing  t he  wing area (S) 
-moving the  cen te r  o f  buoyancy fo rward .  
- i nc reas ing  the  aspect r a t i o  o f  t h e  f i n s  ( b i gge r  n l )  
- i n c reas ing  t he  l i f t  curve s lope  ( a  c h a r a c t e r i s t i c  o f  each a i r f o i l ;  
g e n e r a l l y  d i f f i c u l t  t o  do) 
2.3.3 The F i n  C o n f i g u r a t i o n .  
The 2-Dimensional NACA 0012 f o i l  (see F igu re  2.8 a f t e r  Abbo t t  and von 
Doenhoff ,  1959) was chosen f o r  i t s  combinat ion o f  h i g h  l i f t ,  low drag, and 
benign s t a l l  c h a r a c t e r i s t i c s  . The sweep of t he  f i n s  has more t o  do w i t h  t he  
ab i  1  i t y  t o  shed 1  i nes  and seaweed than w i t h  hydrodynamic performance. An 
annular  wing was chosen t o  inc rease  t he  e f f e c t i v e  f i n  area w i t h o u t  i n c r e a s i n g  
t h e  f r a g i l i t y  o f  t he  f i n s .  Th is  s t r u c t u r e  a l s o  p rov i ded  some p r o t e c t i o n  f o r  
t he  sensor elements. To suppor t  t h i s  s t r u c t u r e ,  a  r i g i d  l e a d i n g  edge w i t h  
movable f l a p s  was chosen d e s p i t e  t he  b e t t e r  performance o f  t h e  a1 1-movable 
f l a p s .  For reasons o f  s i m p l i c i t y  i n  a c t u a t o r  des ign,  an unbalanced a i l e r o n  
was chosen. A s imple p r o j e c t i o n  o f  t he  annu la r  f i n  area on t h e  X-Y and X-Z 
p lanes i s  a  ve ry  good approx imat ion o f  i t s  c o n t r i b u t i o n  t o  s t a b i  1 i t y  
( F l e t c h e r ,  1957). I n  a d d i t i o n ,  t he  annu la r  wing i s  m i n i m a l l y  a f f e c t e d  by the  
-47- 
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Figure 2.8 Section Lift Coefficient as a Function of 
Angle of Attack for NACA 0012 Two Dimensional 
Wing Section (after Abbott and von Doenhoff). 
cruxiform 
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Figure 2.9. Schematic of the Stabilizing Fin and Control Surface 
Geometry of the Flying Fish. 
h u l l  o r  wake. The e f f e c t s  o f  h u l l  in te r fe rance,  f i n i t e  aspect r a t i o ,  wake, 
and endplate e f fec ts  on f i n  s i z e  are  summarized i n  Equation 2.2. The r e s u l t i n g  
design g ives  the  desi red c o r r e c t i n g  moment o f  125% o f  t he  upse t t i ng  moment. 
The r a t i o  o f  t h e  c o r r e c t i n g  t o  upse t t i ng  moment a f f e c t s  t h e  l o c a t i o n  o f  t he  
poles t h a t  describe the veh ic le  dynamics (as descr ibed i n  Sect ion  5.4.3). 
2.4 THE GLIDE ANGLE 
The s t a t i c  e q u i l i b r i u m  r e l a t i o n s h i p  between veh ic le  g l i d e  angle and 
c o n t r o l  f l a p  d e f l e c t i o n  o f  i n h e r e n t l y  s t a b l e  veh ic les  i s  an i n d i c a t o r  o f  
veh i c le  maneuverabi l i ty  and i s  bes t  charac ter ized by two r a t i o s :  ( 1 ) t h e  r a t i o  
o f  f l a p  d e f l e c t i o n  t o  veh ic le  angle o f  a t t a c k  and ( 2 )  t h e  r a t i o  o f  angle o f  
a t tack  t o  g l i d e  path. F igure  2.10 i s  a  free-body diagram t h a t  def ines t h e  
rudder d e f l e c t i o n  angle, t h e  veh ic le  angle o f  a t tack ,  and t h e  g l i d e  angle. 
2.4.1 The Angle of At tack t o  G l i d e  Angle Ratio. 
A  streamlined axisymmetric body has f i n i t e  body l i f t  ( i t  i s  e s s e n t i a l l y  a  
wing w i t h  an aspect r a t i o  o f  D/L) which can be p r e d i c t e d  w i t h  reasonable 
accuracy from slender body theory  (Equation 2.3). 
where C = 1  i f t  curve s lope 
N, 
AR = the  aspect r a t i o  o f  t he  body (D/L) 
K = a  cons tant  o f  p r o p o r t i o n a l i t y  
The r e s u l t  o f  t h i s  body l i f t  i s  a  f i n i t e  angle o f  a t t a c k  ( 4 )  when s t a t i c  
e q u i l i b r i u m  has been es tab l ished on a  g iven g l i d e  angle (8) .  I f  one accepts 
the  l i n e a r  approximation, the  r a t i o  o f  angle o f  a t t a c k  t o  g l i d e  angle i s  a  
Apparent  Headi 
A c t u a l  Heading 
Angle o f  A t t a c k ( d  
Angle w i t h  r e s p e c t  t o  
V e r t i c a l  
C o n t r o l  Surf  a c e  ~ e f  l e c t i o n  ( 6 )  
Buoyancy Force  (Fb) 
1 
F i g u r e  2.10 Free-body Diagram of t h e  F l y i n g  F i s h  During Homing. 
cons tan t .  For the  F l y i n g  F i sh ,  t h i s  cons tan t  ( r e fe red  t o  as t h e  Body L i f t  
Fac to r )  i s  about 0.08. Th is  f i n i t e  angle  of a t t a c k  g i ves  r i s e  t o  a  homing 
e r r o r  which i s  d iscussed below. 
2.4.2 The R a t i o  o f  Rudder D e f l e c t i o n  t o  Angle o f  A t t a c k .  
Both t h e  u p s e t t i n g  and r i g h t i n g  moments a re  t o  a  f i r s t  approx imat ion  
l i n e a r  f u n c t i o n s  of t he  angle  of a t t a c k .  Fu r t he r ,  f l a p  d e f l e c t i o n s  can be 
model l e d  as e q u i v a l e n t  changes i n  t h e  ang le  o f  a t t a c k  o f  t he  e n t i r e  t a i  1 f i n  
assembly (see F igu re  2.11).  Thus t he  r a t i o  &/a, f o r  smal l  ang le  
maneuvers, i s  a  cons tan t .  Th is  cons tan t  i s  an i n d i c a t o r  o f  t h e  s e n s i t i v i t y  o f  
t he  v e h i c l e  a t t i t u d e  t o  c o n t r o l  f l a p  d e f l e c t i o n  ( i e .  t he  maneuve rab i l i t y )  and 
t o  the  magnitude o f  t h e  r e q u i r e d  c o n t r o l  e f f o r t  once t he  m a n e u v e r a b i l i t y  
requi rements  have been es tab l  i shed. 
Th is  measure o f  maneuve rab i l i t y  i s  c a l c u l a t e d  i n  t h ree  s teps :  
-T rans la te  e l e v a t o r  d e f l e c t i o n s  ( 6 )  t o  an e q u i v a l e n t  f u l l  f l a p  
d e f l e c t i o n  ( 6 ' )  u s i n g  F igu re  2.11 t o  determine t he  e l e v a t o r  e f f e c t i v e n e s s  
( ~ 6 ) .  
- f rom the  p rev ious  sec t ion ,  c a l c u l a t e  the  r i g h t i n g  moment ( i n c l u d i n g  t he  
c o n t r i b u t i o n s  o f  t he  bare h u l l ,  t he  buoyancy, and t h e  annular  wing b u t  n o t  the  
c o n t r i b u t i o n  o f  t h e  c r u x i f o r m  c o n t r o l  su r faces  (see F igu re  2.9 f o r  
c l a r i f i c a t i o n  of geometry).  
- c a l c u l a t e  t he  f l a p  d e f l e c t i o n  r e q u i r e d  t o  m a i n t a i n  s t a t i c  s t a b i l i t y .  
-if the  v e h i c l e  i s  n o t  s u f f i c i e n t l y  maneuverable, reduce f i n  s i z e .  
Conversely,  i f  t h e  v e h i c l e  i s  n o t  s t a b l e  enough, i nc rease  the  f i n  s i z e .  
For t h e  F l y i n g  F i s h  the  r a t i o s  o f  f u l l  f l a p  and p a r t i a l  f l a p  d e f l e c t i o n s  
t o  angle  o f  a t t a c k  a re :  
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RATIO OF FLAP CHORD TO TOTAL CHORD 
Figure 2.11 The Effectiveness of Flaps as a Function of Total 
Stabilizing Fin Chord (after Felhner, 1951). 
where S i s  t h e  c o n t r o l  f l a p  d e f l e c t i o n  
6 '  i s  t h e  e f f e c t i v e  f u l l  f l a p  d e f l e c t i o n  
a i s  t h e  ang le  o f  a t t a c k  
2 . 5  CONTROL LOOP SOPHISTICATION. 
As d e s c r i b e d  b r i e f l y  i n  t h e  i n t r o d u c t i o n ,  t h e  F a s t  P r o f i l e r  i s  des igned  
t o  home a c o u s t i c a l l y  on a  beacon a t  t h e  s u r f a c e .  The surface beacon e m i t s  a  
con t inuous  monochromatic tone .  I n  t h e  f a r - f i e l d  approx ima t ion ,  t h e  a c o u s t i c  
wave can be. model led as a  p l a n e  wave. 
The s o p h i s t i c a t i o n  of t h e  homing hardware and a l g o r i t h m  can v a r y  o v e r  a  
wide spect rum o f  v i a b l e  a l t e r n a t i v e s .  T h i s  s o p h i s t i c a t i o n  r e f l e c t s  t h e  
p r e c i s i o n  w i t h  which t h e  v e h i c l e  must home i n  on t h e  a c o u s t i c  beacon. On one 
end o f  t h e  spectrum, no c o n t r o l  e f f o r t  i s  e x e r t e d  and t h e  v e h i c l e  s i m p l y  
d r i f t s  upwards. The homing e r r o r  i n  t h i s  t r i v i a l  case depends o n l y  o n  t h e  
r e l a t i v e  d r i f t  between t h e  s h i p  and t h e  f i s h .  On t h e  o t h e r  end o f  t h e  
spectrum, a  f u l l  6 d imens iona l  ( l i n e a r  + a n g u l a r  m o t i o n  i n  each a x i s )  i n e r t i a l  
guidance system can be implemented. Such a  system can f i x  b o t h  t h e  p o s i t i o n  
o f  t h e  f i s h  and t h e  r e l a t i v e  p o s i t i o n  of t h e  beacon and proceed a l o n g  some 
optimum p a t h  between t h e  two. Severa l  i n t e r m e d i a t e  l e v e l s  o f  homing 
s o p h i s t i c a t i o n  a r e  a l s o  v i a b l e :  
( 1 )  A phase d i f f e r e n c e  measured between two hydrophones on a  v e h i c l e  w i t h  
c o n s t a n t  s p i n ;  he re  t h e  v e h i c l e  s p i r a l s  toward t h e  beacon, c o n s t a n t l y  
c o r r e c t i n g  i t s  a t t i t u d e .  The f l a w  w i t h  t h i s  approach i s  t h a t  t h e r e  i s  a  f i n i t e  
t ime  between a c t u a t o r  f i n  d e f l e c t i o n  and a t t i t u d e  change which can r e s u l t  i n  
an u n s t a b l e  t r a j e c t o r y .  
(2 )  A phase d i f f e r e n c e  measured between each o f  two o r t h o g o n a l  s e t s  o f  
hydrophones ( 2  hydrophones i n  each s e t ) .  Here, t h e  two axes a r e  c o n t r o l l e d  
s e p a r a t e l y  and v e h i c l e  symmetry i s  e x p l o i t e d  s i n c e  t h e  hydrodynamic model of  
t h e  two axes a re  i d e n t i c a l .  The p o t e n t i a l  f l a w  w i t h  t h i s  approach i s  t h a t  if 
t h e  v e h i c l e  a t t i t u d e  i s  servoed t o  z e r o  phase d i f f e r e n c e  between a l l  f ou r  
hydrophones, t h i s  guarantees t h a t  t h e  v e h i c l e  i s  p o i n t e d  d i r e c t l y  a t  t h e  
s u r f a c e  beacon, b u t  t h i s  does n o t  say a n y t h i n g  about  t h e  a c t u a l  t r a j e c t o r y  o f  
t h e  f i s h .  Because of  t h e  f i n i t e  body l i f t  o f  t h e  f i s h ,  t h e  a c t u a l  t r a j e c t o r y  
i s  a  l o g a r i t h m i c  s p i r a l  toward t h e  s u r f a c e  beacon (see F i g u r e  2.12).  Near t h e  
end o f  t h e  deployment, t h e  s teady s t a t e  e r r o r  may acc rue  t o  t h e  p o i n t  where, 
even i f  t h e  mean t r a j e c t o r y  i s  w i t h i n  t h e  per formance enve lope of t h e  f i s h ,  
t h e  ins tan taneous  t r a j e c t o r y  may be extreme and t h e  f i s h  may s t a l l .  
(3 )  An enhanced v e r s i o n  o f  t h e  above scheme i n c l u d e s  a  v e r t i c a l  
r e f e r e n c e  so t h a t  a  phase o f f s e t  may be added such t h a t  t h e  a c t u a l  and d e s i r e d  
t r a j e c t o r i e s  a r e  i d e n t i c a l .  
Both  methods 2 and 3 were implemented i n  t h e  f i s h .  The d e t a i l e d  
imp lementa t ion  of t h i s  a u t o p i l o t  c o n t r o l  system i s  d i scussed  i n  S e c t i o n  4 . 9 .  
The r e s u l t s  o f  f i e l d  t r i a l s  a r e  d i scussed  i n  Chapter 6. 
2.6 HOMING CAPABILITY 
2.6.1 The C o n t r i b u t i o n s  of Geometry, D e s i r e d  T r a j e c t o r y ,  and Sampl ing Speed. 
P r a c t i c a l  l i m i t a t i o n s  t o  t h e  per formance envelope of t h e  f i s h  e x i s t  on 
severa l  l e v e l s :  ( l l b e y o n d  10 degrees o f f  t h e  v e r t i c a l ,  i n c r e a s e d  body l i f t  i s  
r e q u i r e d ;  (2)beyond 40 degrees,  t h e  p i t c h  and yaw axes a r e  no l o n g e r  
symmetr ica l  because of t h e  g r a v i t a t i o n a l  c o n t r i b u t i o n ;  and ( 3 )  beyond a  g l i d e  
ang le  o f  5:1, some form of  p r o p u l s i o n  i s  r e q u i r e d .  . F o r  t h e  p r o t o t y p e ,  t h e  
s m a l l e s t  performance enve lope t h a t  s a t i s f i e d  t h e  s c i e n t i f i c  m i s s i o n  was 
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HORIZONTAL EXCURSION (not to scale) k k - m  
Beacon 
Figure 2.12 Idealized Trajectories for (1) 
No Control, (2) Two Hydrophones and Constant Spin, 
(3) Four Hydrophones, (4) Four Hydrophones and 
Vertical Reference, and ( 5 )  Inertial Guidance. 
chosen. The l i m i t e d  maneuvering r e q u i r e d  by the  f i s h  s i m p l i f i e d  t h e  c o n t r o l  
a l g o r i t h m  and e l i m i n a t e d  the  need f o r  a c t i v e  p r o p u l s i o n .  
The hydrophone a r r a y  on t he  f i s h  c o n s i s t s  o f  two o r thogona l  se ts  of 
hydrophones. The d i s t ance  sepa ra t i ng  t he  hydrophones forms t he  base l i ne  f o r  
an i n t e r f e r o m e t r i c  c a l c u l a t i o n  of t he  bea r i ng  t o  the  surface beacon. TWO 
bear ings,  one f o r  each independent a x i s ,  a re  c a l c u l a t e d .  I f  the  v e h i c l e  
a t t i t u d e  i s  servoed t o  ze ro  phase d i f f e r e n c e  between a1 1  hydrophones, t h e  
v e h i c l e i s a i m e d d i r e c t l y a t t h e s u r f a c e b e a c o n .  F o r n o w , o n l y t h e i m p a c t  
o f  t h i s  scheme on t he  hydrodynamic performance i s  o f  i n t e r e s t .  S p e c i f i c a l l y ,  
the  sources o f  homing e r r o r  a re  o u t l i n e d  (as def ined by t he  d i s t ance  between 
the  v e h i c l e  and the  surface beacon once t h e  f i s h  i s  on t h e  sur face) ,  and t h e  
s e n s i t i v i t y  o f  t h i s  e r r o r  t o  changes i n  t he  hydrodynamic envelope. 
I n  l i g h t  o f  t he  a n a l y s i s  i n  Sec t i on  2.4, i t  i s  e v i d e n t  t h a t  f o r  a  f i n i t e  
g l i d e  angle,  i f  the  v e h i c l e  a t t i t u d e  i s  servoed t o  z e r o  phase d i f f e r e n c e  
between a l l  hydrophones, t he  a c t u a l  v e h i c l e  t r a j e c t o r y  i s  n o t  a  s t r a i g h t  l i n e  
f o r  t he  beacon (see F igu re  2.12). I ns tead ,  t he  t r a j e c t o r y  i s  a  l o g a r i t h m i c  
s p i r a l  which may cause t he  f i s h  t o  exceed i t s  o p e r a t i n g  envelope and r e s u l t  i n  
l a r g e  homing e r r o r s .  
Th is  s e c t i o n  a t tempts  t o  q u a n t i f y  t h e  homing e r r o r  as a  f u n c t i o n  o f  t h e  
body l i f t ,  g l i d e  ang le ,  sampl ing i n t e r v a l ,  and e r r o r s  made i n  measur ing t h e  
bear ing  t o  t he  homing beacon. Th is  l a s t  c o n t r i b u t i o n  t o  homing e r r o r  g i v e s  
some i n d i c a t i o n  o f  t h e  phase r e s o l u t i o n  r e q u i r e d  by t he  a c o u s t i c  t r a c k i n g  
a r r a y l r e c e i v e r  c i r c u i t r y  (see Sec t i on  4 .6 ) .  A s imple q u a s i - s t a t i c  model was 
developed t o  p r e d i c t  t he  homing e r r o r .  From t h i s  model, t h e  s e n s i t i v i t y  o f  
homing e r r o r  t o  hydrodynamic and eng inee r i ng  c o n s t r a i n t s  c o u l d  be e x p l i c i t l y  
determined. F igures  2.13 through 2.15 summarize t he  r e s u l t s  o f  t h i s  s t udy .  
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TOTAL NUMBER OF SAMPLES OVER 6000 METERS RANGE 
Figure 2.13 Calculated Homing Error as a Function of Number of Times 
that the Bearing to the Homing Beacon is Sampled during 
a typical ascent from 6000 meters. Samples are assumed 
to be evenly spaced in time and space (ie. 600 samples 
corresponds to one sample every 10 meters). 
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F i g u r e  2 - 1 5  C a l c u l a t e d  Homing E r r o r  a s  a  F u n c t i o n  of  Body L i f t  
f o r  a T r a j e c t o r y  10 Degrees O f f  t h e  V e r t i c a l .  
From these f i g u r e s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  can be made: 
-Any sampl ing speed f a s t e r  than  1 Hz i s  v i r t u a l l y  i n d i s t i g u i s h a b l e  f r o m  a 
con t inuous  measurement o f  b e a r i n g .  
-The maximum c o n t r i b u t i o n  t o  homing e r r o r  due t o  g l i d e  a n g l e  i s  a t  t h e  
l i m i t  o f  t h e  des ign  performance envelope (10  degrees) and i s  o f  o r d e r  2 
meters.  T h i s  c o u l d  be e l i m i n a t e d  as a  source o f  e r r o r  i f  t h e  f i s h  were 
programmed t o  o f f s e t  i t s  t r a j e c t o r y  as a  f u n c t i o n  o f  t h e  g l i d e  ang le .  To do 
t h i s ,  two a d d i t i o n a l  i n p u t s  to  t h e  c o n t r o l  a l g o r i t h m  must be added: ( 1 )  a  
v e r t i c a l  re ference,  and ( 2 )  con f idence  i n  t h e  r a t i o  a18 (wh ich  would 
determine t h e  phase o f f s e t ) .  
2.6.2 The C o n t r i b u t i o n  o f  Phase Measurement E r r o r  t o  Homi ng Capabi 1 i t y .  
I n  F i g u r e s  2.13 t o  2.15 t h e  e f f e c t s  o f  sampl ing i n t e r v a l ,  body l i f t ,  and 
d e s i r e d  t r a j e c t o r y  on homing capabi  1  i t y  have a1 1  assumed t h e  a b i  1 i t y  o f  t h e  
c o n t r o l  l o o p  t o  measure t h e  phase d i f f e r e n c e s  a t  t h e  hydrophones w i t h  i n f i n i t e  
r e s o l u t i o n  and no o f f s e t  e r r o r .  T h i s  a n a l y s i s  i s  i m p o r t a n t  n o t  o n l y  i n  
c a l c u l a t i n g  t h e  c o n t r i b u t i o n  o f  an e r r o r  i n  b e a r i n g  t o  t h e  f i n a l  homing e r r o r  
b u t  a l s o  i n  d e t e r m i n i n g  t h e  r e l a t i o n s h i p  between hydrophone spac ing  and t h e  
f requency o f  t h e  homi ng beacon. 
I n  t h i s  a n a l y s i s ,  t h e  a c o u s t i c  s i g n a l  i s  mode l led  as a  p l a n e  wave o f  
cons tan t  f requency .  The phase d i f f e r e n c e  measured a t  t h e  hydrophones 
desc r ibed  by Equa t ion  2.4 i s  d e f i n e d  g r a p h i c a l l y  i n  F i g u r e  2.16. 
A@ = 2  s i n  B(L,,/X) 2 . 4  
From t h i s  r e l a t i o n ,  i t  i s  e v i d e n t  t h a t  a  h i g h e r  homing f requency or l a r g e r  
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hydrophone base1 i ne w i  11 improve the phase r e s o l v i n g  capabi 1  i t y  of t he  f sh. 
Such s teps a re  n o t  implemented w i t hou t  cos t .  S p e c i f i c a l l y ,  one must address 
the  f o l l o w i n g  issues:  
- the  base l i ne  cannot be en larged beyond t he  p r a c t i c a l  l i m i t s  imposed by 
the  phys i ca l  s i z e  o f  t he  f i s h .  
-h igher  f requenc ies  a t t enua te  more q u i c k l y  i n  the  ocean and, f o r  a  g i v e n  
SIN measured a t  the  hydrophones, more acous t i c  power must be p u t  i n  t h e  water  
( p o s s i b l e  b u t  n o t  d e s i r a b l e ) .  
- i f  the  base l i ne  i s  g r e a t e r  than t h e  wavelength o f  t h e  a c o u s t i c  s i g n a l ,  a  
s i n g l e  phase d i f f e r e n c e  corresponds t o  a  m u l t i p l i c i t y  o f  headings. Such an 
amb igu i t y  cannot be e a s i l y  r eso l ved  by t he  f i s h  and may r e s u l t  i n  t he  f i s h  
a t t emp t i ng  t o  home on an a c o u s t i c  image. 
The s e n s i t i v i t y  o f  t he  homing e r r o r  t o  o f f s e t  e r r o r s  i n  measured phase 
d i f f e r e n c e  between two hydrophones as a  f u n c t i o n  o f  t he  non-dimensional r a t i o  
Lh/X i s  shown i n  F i gu re  2.16. I t  i s  e v i d e n t  f r om  t h i s  a n a l y s i s  t h a t  
p r e c i s e  phase d i f f e r e n c e s  ( o f  o rde r  1-2 degrees) a re  necessary i f  homing 
e r r o r s  due t o  phase o f f s e t  a r e  t o  be o f  t he  same o r d e r  as t h e  o t h e r  
c o n t r i b u t o r s  t o  homing e r r o r .  Th is  requi rement  can be t r a n s l a t e d  i n t o  a  
system s p e c i f i c a t i o n  t h a t  d i r e c t l y  a f f e c t s  t h e  hydrophone spac ing,  t he  source 
frequency, t h e  source s t r eng th ,  t he  g a i n  o f  t he  rece iver lpre-amp1 i f i e r ,  and 
t he  number o f  samples averaged. The r e l a t i o n s h i p  o f  these q u a n t i t i e s  i s  
discussed below. 
2.7 CALCULATING THE REQUIRED SIGNAL TO NOISE RATIO. 
The f o l l o w i n g  d i s c u s s i o n  assumes an o p e r a t i n g  f requency f o r  t h e  homing 




PHASE ERROR ( ~ e g r e e s )  
Figure  2.16 C a l c u l a t e d  Homing E r r o r  as a Func t ion  o f  (1) Phase  E r r o r  
and ( 2 )  t h e  R a t i o  of Hydrophone S e p a r a t i o n  t o  Wavelength 
of t h e  Acous t i c  S i g n a l  Generated by t h e  Homing Beacon. 
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f requency i s  10 cm. Because L h l X  i s  g r e a t e r  than 1 ,  t h e r e  i s  some 
p o t e n t i a l  f o r  a m b i g u i t y  i n  t h a t  more than  one a c o u s t i c  image e x i s t s .  W i t h i n  
t h e  + / - l o  degree o p e r a t i n g  envelope o f  t h e  f i s h ,  however, o n l y  one a c o u s t i c  
image i s  p o s s i b l e .  T h i s  phase lhead ing r e l a t i o n s h i p  i s  g i v e n  by F i g u r e  2.17. 
To ach ieve t h e  d e s i r e d  1 degree phase r e s o l u t i o n ,  a  s i g n a l  t o  n o i s e  r a t i o  
o f  57 i s  r e q u i r e d  a t  t h e  r e c e i v e r .  For a  r e l a t i v e l y  na r row r e c e i v e r  o p e r a t i n g  
range (100 Hz c e n t e r e d  a t  15 KHz), t h e  ambient  n o i s e  spect rum i s  assumed w h i t e  
and t h e  sound p r e s s u r e  l e v e l  i s  -6Odb/ lubar lHz (Wenz, 1962). A d d i t i o n a l  
c a l  cu1ation.s for  a t t e n u a t i o n  and sp read ing  losses  (Marsh, 1969) r e s u l t  i n  a 
source s t r e n g t h  requ i rement  as a  f u n c t i o n  o f  r e c e i v e r  bandwidth  (see Tab le  
2.2). The imp lementa t ion  o f  a  nar row (10 Hz) Phase-Lock Loop f i l t e r  i s  
d i scussed  i n  S e c t i o n  4.6. 
SURED PHASE DIFFERENCE 
PERFORMANCE SLOPE = 1 1  deg/deg. 
HEAD IKG 
ACOUSTIC IMAGE 
Figure 2.17 Linear Approxima ion to the Gain of the Hydrophone 
Array that Resul s from the Geometric Ratio of the 
Hydrophone Separ tion and the Homing Beacon Acoustic 
Wavelength. 1 
I Required ~ignal/Noise (SIN) as specified 57 = 35 dB 
by Phase Resolution Requirements: 
I1 Signal Strength: 
1) Source Level: 
2) Spreading Losses over 6 Krn: 
3) Attenuation at 15 KHz 
72 dB/~att (re 1 ubar) 
-75 dB 
- 9 dB 
4) Signal Strength at Receiver: -12 dB/Watt (re 1 ubar) 
I11 Noise Strength for Sea State 3 (after Wenz): -60 dB/Hz (re 1 ubar) 
IV Required Source Strength as a Function of Receiver Bandwidth: 
I 10 100 1000 
RECEIVER BANDWITDH (HZ) 
Table 2.2 Signal and Noise Estimates Used to Design the Homing Receivers. 
3  THE MECHANICAL ARCHITECTURE OF THE VEHICLE 
F i g u r e  3.1 i s  a  cut-away v iew of t h e  f i s h  t h a t  h i g h l i g h t s  t h e  m a j o r  
mechanical  sub-assemblies. These i n c l u d e  t h e  hydrophone a r r a y ,  t h e  
r e l e a s e  mechanism, t h e  main p r e s s u r e  housing,  t h e  f l o a t a t i o n  m a t e r i a l ,  
t h e  c o n t r o l  surface a c t u a t o r s ,  and t h e  r e c o v e r y  a i d s .  T h i s  chap te r  
d e s c r i b e s  t h e  p r i n c i p a l  a t t r i b u t e s  of these components, compares v a r i o u s  
competet ive  approaches t o  t h e  d e s i g n  of  each component and summarizes t h e  
advantages and d isadvantages o f  t h e  f i n a l  des ign .  
3.1 THE HYDROPHONE ARRAY 
3.1.1 Geometry. 
As d i scussed  i n  S e c t i o n  2.5, t h e  hydrophone a r r a y  c o n s i s t s  o f  f o u r  
e lements made up of  two o r t h o g o n a l  s e t s  ( t w o  hydrophones fo r  each a x i s )  . 
The hydrophone b a s e l i n e  i s  t h e  d i s t a n c e  s e p a r a t i n g  t h e  two elements i n  a  
s e t .  The s e n s i t i v i t y  a n a l y s i s  of  t h e  homing e r r o r  o u t l i n e d  i n  S e c t i o n  
2 .6  shows t h a t  an i n c r e a s e  i n  t h e  homing beacon f requency  o r  t h e  
hydrophone base1 i n e  ( i e .  an i n c r e a s e  i n  t h e  non-dimensional  q u a n t i t y  
(L,,/X) w i l l  g i v e  t h e  most s i g n i f i c a n t  r e d u c t i o n  i n  t h e  homing e r r o r .  
Three reasons why these  approaches shou ld  n o t  be taken  too f a r  a re :  
- t h e  f i  sh cannot  p h y s i c a l  l y  accomodate a  l a r g e  base1 i ne 
-a b a s e l i n e  g r e a t e r  than  one wavelength r e s u l t s  i n  f a l s e  a c o u s t i c  
images. I n  s h o r t ,  a  phase comparator  measures phase modulo 360 degrees 
and cannot  t e l l  t h e  d i f f e r e n c e  between 5 degrees and 365 degrees.  I f  
these images a r e  o u t s i d e  t h e  o p e r a t i n g  envelope of  t h e  f i s h  (10  degrees 
o f f  t h e  v e r t i c a l ) ,  t h e n  t h e r e  i s  an e f f e c t i v e  g a i n  i n  t h e  a b i l i t y  to 
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F i g u r e  3 . l a  Cut-away View of t h e  F l y i n g  F i s h  
Figure 3.lb A disassembled view of the Flying Fish showing 1) the 
syntactic foam shell (two parts) and 2) the main housing 
(with gear box attached). 
r e s o l v e  t he  bea r i ng  f r om t h e  f i s h  t o  the  su r face  beacon. 
-h igher  f requenc ies  a t t enua te  more q u i c k l y  i n  water;  thus,  f o r  a  
g i ven  s i gna l  t o  no ise r a t i o  a t  t h e  r e c e i v e r ,  more acous t i c  power must be 
r a d i a t e d  i n t o  t he  water .  
The f o u r  hydrophones a re  p o t t e d  i n  a c o u s t i c a l l y  t ransparen t  
urethane i n  the  nose of t h e  f i s h  where f l o w  no ise  i s  min imal .  The homing 
beacon i s  a  s i n g l e  tone CW s i gna l  a t  15 KHz. A p r i n t e d  c i r c u i t  board 
molded i n t o  the  urethane d i s t r i b u t e s  power t o  t he  p r e a m p l i f i e r s  and 
connects t he  hydrophone s i g n a l s  t o  s tandard h i g h  pressure underwater 
e l  e c t r i  c a l  connectors .  F lash  tubes and t r i g g e r  t rans fo rmers  a re  a1 so 
molded i n t o  t he  p iece  (see Sec t ions  3.7 and 4.10 f o r  d i scuss ion  o f  
recovery  a i d s ) .  
The hydrophone base l i ne  i s  14.5 cm. Th i s  r e s u l t s  i n  a  f a l s e  
acous t i c  image a t  +I-20 degrees, we1 1  o u t s i d e  t he  o p e r a t i n g  envelope o f  
t he  f i s h  and se ts  the  expected phase e r r o r  ( w i t h o u t  any averag ing)  a t  1 
degree. With t h i s  arrangement, bo th  sources o f  e r r o r  (hydrodynamics and 
phase e r r o r )  should c o n t r i b u t e  e q u a l l y  t o  t he  t o t a l  homing e r r o r ,  each 
c o n t r i b u t i o n  be ing  o f  o r d e r  1  meter. F i gu re  3.2 shows the  hydrophone 
a r ray .  
3.1.2 Phase O f f s e t s  Due t o  Al ignment Problems and Hydrophone 
Va r i ab i  1  i t y .  
The hydrophones a re  c y l i n d r i c a l  p i e z o e l e c t r i c  dev ices which o u t p u t  a  
vo l t age  p r o p o r t i o n a l  t o  t he  ambient AC pressure  f i e l d .  The preamp1 i f i e r  
may have some i nhe ren t  phase s h i f t s  which w i l l  v a r y  f r om  u n i t  t o  u n i t .  As 
long  as the  phase s h i f t  i s  independent o f  p ressure ,  temperature,  and 
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Figure  3 . 2  Close-up of hydroptlone a r r a y  and Fly ing  F i s h  forebody. 
frequency, a  s imple a d d i t i v e  cons tan t  w i  11 o f f s e t  any d i f f e r e n c e s  i n  
phase s h i f t s  between each hydrophonelpre-amplifier. The phase i n p u t  t o  
phase ou tpu t  o f  t he  hydrophonelpre-amplifierlreceiver network must be 
measured and any o f f s e t  i n c l uded  i n  t he  c o n t r o l  a l g o r i t h m .  Th i s  phase 
i n p u t l o u t p u t  r e l a t i o n s h i p  i s  discussed i n  g rea te r  d e t a i l  i n  Sec t i on  4.7 
which descr ibes t he  r e c e i v e r  c i r c u i t r y .  
Simple mechanical a l ignment  i s  n o t  s u f f i c i e n t  t o  guarantee t he  phase 
r e s o l u t i o n  s p e c i f i e d  by the  hydrodynamic a n a l y s i s  done i n  Sec t i on  2 .6 .  A 
0.001 meter misa l ignment  o f  the  hydrophones i n  t h e  X a x i s  w i l l  r e s u l t  i n  
a  5 degree phase e r r o r  ( e q u i v a l e n t  t o  a  0.6 degree heading e r r o r ) .  Th is  
source o f  e r r o r  can be e l i m i n a t e d  u s i n g  t he  same a d d i t i v e  cons tan t  t h a t  
o f f s e t s  d i f ferences i n  phase s h i f t  between hydrophones. There i s  no 
s imple mechanism t o  e l i m i n a t e  e r r o r s  t h a t  r e s u l t  f r om  c rosscoup l i ng  o f  
t he  Y and Z axes i f  t h e r e  i s  any misa l ignment  i n  t he  o r t h o g o n a l i t y  o f  the  
two hydrophone axes. 
3.2 THE RELEASE MECHANISM 
3.2.1 S p e c i f i c a t i o n s .  
For a  g r a v i t y  d r i v e n  v e h i c l e ,  a s imple and r e l i a b l e  b a l l a s t  d rop  
mechanism i s  e s s e n t i a l .  The p r i n c i p a l  a t t r i b u t e s  o f  such a  mechanism 
must be: 
-The t ime l a g  between a c t u a t i o n  and drop should n o t  exceed a  few 
seconds. Because o f  t h e  h i g h  speed o f  t h e  v e h i c l e ,  imprec ise  knowledge 
o f  t h e  a c t u a t i o n  t ime l a g  cou ld  r e s u l t  i n  ca tas t rophe .  Thus, c o r r o d i n g  
1  i n k s  and burn  w i r es  ( t y p i c a l  a c t u a t i o n  t imes o f  minutes t o  days) a re  
unacceptable.  
-p rec ise  c o n t r o l  over  drop depth;  f o r  m i  d-ocean deployments, dep th  
c o n t r o l  should be o f  o r d e r  1 t o  10 meters.  Th is  p rec ludes  t he  use o f  
r u p t u r e  d i s k s ,  r e1  i e f  va lves ,  and o t h e r  p ressure  a c t i v a t e d  dev ices t h a t  
have t y p i c a l  to le rances  of  5% ( i n  water depths o f  6000 meters,  t h i s  
corresponds t o  a  depth c o n t r o l  of 300 mete rs ) .  Because of the  s i m p l i c i t y  
o f  these dev ices,  they  have been used i n  s e r i e s  w i t h  t he  p r i n c i p a l  
r e l ease  mechanism as a backup d u r i n g  p r e l  i m i n a r y  t e s t i n g  o f  the  p r o t o t y p e  
when water depth exceeds t he  depth o f  t he  t e s t s .  I n  hydrographic  
surveys, a  near bot tom approach may be d e s i r a b l e  and such a backup i s  
i m p r a c t i c a l .  
-easy and sa fe  t o  re- load. .T ime between deployments should be k e p t  
t o  a  maintenance f r e e  minimum. Th is  e l i m i n a t e s  exp los i ve  b o l t s  which 
r e q u i r e  r e b u i l d i n g  o f  t h e i r  sea ls  and a re  u n r e l i a b l e  a t  depth ( i n  
a d d i t i o n ,  t h e i r  t r a n s p o r t  and s torage a re  s u b j e c t  t o  r e s t r i c t i v e  
r e g u l a t i o n ) .  
- f a i l s a f e  c a p a b i l i t y .  I n  the  event  o f  a  m a l f u n c t i o n  (eg. low 
b a t t e r y  vo l t age  o r  a  l e a k  i n  t he  main p ressure  hous ing)  t he  r e l e a s e  
should have t he  c a p a b i l i t y  t o  be over - r idden  by backup c i r c u i t r y  and/or  
mechanism. 
A secondary se t  o f  cons ide ra t i ons  i nc l udes  the  b a l l a s t  geometry (eg. 
s lug,  pe l  l e t s ,  washer punchings) and t h e  m a t e r i a l  ( l e a d ,  mercury,  
s t e e l ) .  These cons ide ra t i ons ,  though impo r tan t  t o  t he  ease o f  o p e r a t i o n  
and t he  c o s t  per  deployment, were n o t  t h e  govern ing  parameters;  t h e  c o s t  
o f  most b a l l a s t ,  when compared w i t h  t h e  c o s t  o f  r unn ing  a sh ip ,  i s  smal l  
regard less  o f  t he  m a t e r i a l  and geometry. 
3 .2 .2  The Design o f  an E lect romagnet ic  Release. 
Appendix A . l  desc r ibes  severa l  v i a b l e  r e l ease  mechanisms and a  
d e t a i l e d  d e s c r i p t i o n  of the  e lect romagnet  t h a t  was b u i l t  i n t o  t h e  f i s h .  
The major advantage o f  the e lect romagnet  i s  i t s  s i m p l i c i t y .  Wi th  no 
moving p a r t s ,  f a i l s a f e  c a p a b i l i t y  i s  enhanced. I t s  major  drawback i s  i t s  
power consumption. For the  s h o r t  deployments t h a t  a re  expected (one-way 
t r i p s  t o  f u l l  ocean depth take  15 minutes)  t h i s  power consumption i s  
acceptab le .  The magnet was designed t o  handle t he  l a r g e  dynamic l o a d i n g  
t h a t  occurs d u r i n g  deployment. A p u l  se-wi dth-modul a ted  d r i v e  t o  the  
magnet a l lows  t h e  c u r r e n t  t o  be reduced ( f o r  energy sav ings)  once t h e  
v e h i c l e  i s  below t h e  wave f i e l d  (approx 100 meters below t h e  su r f ace ) .  
An e l e c t r i c a l  " o r "  c i r c u i t  a l l ows  any o f  a  number o f  e x t e r n a l  s i g n a l s  t o  
o v e r r i d e  t he  r e l e a s e  command and drop t he  weight .  Under normal 
ope ra t i on ,  a  p ressure  sensor r e g i s t e r s  a  predetermined depth f o r  b a l l a s t  
re lease .  Sub-system f a i l u r e s  and a  backup t i m e r  w i l l  r e s u l t  i n  t he  
c o n t r o l l e d  a b o r t  of a  d i v e  ( i e .  t he  p i n g e r  w i l l  change i t s  p i n g  r a t e  and 
t he  f i s h  w i l l  a t t emp t  t o  home if a beacon i s  p r e s e n t ) .  An u n c o n t r o l l e d  
a b o r t  w i l l  r e s u l t  i n  t h e  event  o f  power l o s s .  The d e t a i l s  o f  how 
subsystem f a i l u r e s  a r e  recogn ized  and how t h e  backup t i m e r  i s  implemented 
a re  discussed i n  S e c t i o n  4.2.  Because t h e  su r f ace  f i n i s h  o f  t he  
electromagnet a f f e c t s  i t s  h o l d i n g  power, smal l  p o l i s h e d  s t e e l  d i s k s  t h a t  
a t t a c h  t o  t h e  s t e e l  b a l l a s t  we igh ts  a re  k e p t  i n  an o i l y  r a g  u n t i l  
r e q u i  red.  
3.3 THE M A I N  PRESSURE HOUSING. 
The main hous ing  con ta i ns  t h e  sensor e l e c t r o n i c s ,  t h e  hydrophone 
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r e c e i v e r s ,  the d a t a  logger ,  the  c o n t r o l l e r ,  the  a c t u a t o r  d r i v e r ,  and t h e  
ba t t e r y l powe r  d i s t r i b u t i o n  network (see Chapter 4 f o r  a  d i scuss ion  of  
the  e l e c t r o n i c  a r c h i t e c t u r e )  . These e l e c t r o n i c  assembl i es, which occupy 
0.02 cub i c  meters, must be p r o t e c t e d  from seawater a t  pressures up t o  
10,000 p s i .  Since the  s i ze  of t he  v e h i c l e  i s  so c l o s e l y  t i e d  t o  the  
weight  budget, t h e  main c r i t e r i o n  f o r  s e l e c t i n g  a  hous ing m a t e r i a l  and 
geometry i s  the s t r e n g t h  t o  weight  r a t i o .  Secondary cons ide ra t i ons  
i n c l u d e  t h e  number of i n t e r connec t s  r e q u i r e d  and ease o f  assembly and 
disassembly.  To keep t he  number o f  i n t e r connec t s  sma l l ,  use o f  a  s i n g l e  
housing was d e s i r a b l e .  
3.3.1 Convent ional  Approaches t o  Deep Ocean Pressure Housings 
3.3.1.1 Geometry. Convent iona l  geometr ies  c o n s i s t  a lmost w h o l l y  o f  
spheres and c y l i n d e r s .  Because o f  t h e i r  symmetry, spheres p r o v i d e  t h e  
bes t  s t r e n g t h  t o  we igh t  c o n f i g u r a t i o n .  They a re  i n  genera l  more 
d i f f i c u l t  t o  manufacture and i t  i s  n o t  always easy t o  o p t i m i z e  t he  
d i sp l aced  volume. Cy l i nde rs  a re  p robab l y  the  most common shape o f  deep 
sea ins t rument  hous ings.  Though n o t  as s t r u c t u r a l l y  e f f i c i e n t  as 
spheres, they  a re  r e l a t i v e l y  easy t o  make and, as a  r u l e ,  l e s s  
expensive. More complex geometr ies (eg. r i n g  s t i f f e n e d  c y l i n d e r s )  e i t h e r  
l a c k  s t r u c t u r a l  i n t e g r i t y  o r  have more i nvo l ved  a n a l y t i c a l  s o l u t i o n s  t o  
t h e i r  s t a t e  o f  s t r e s s ,  p r e c l u d i n g  t h e i r  wide spread use. 
For the  F l y i n g  F ish ,  a  c y l i n d r i c a l  housing has one d i s t i n c t  
advantage: i t  can be e x p l o i t e d  as a c e n t r a l  s t r u c t u r a l  backbone. 
3.3.1.2 M a t e r i a l  S e l e c t i o n .  The t h r e e  most common m a t e r i a l s  used t o  make 
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deep ocean pressure housings a re  t i t a n i u m ,  g l ass ,  and aluminum. Because 
s t r e n g t h  t o  weight  was deemed a  c r i t i c a l  des ign  parameter,  two a d d i t i o n a l  
m a t e r i a l  s  were i n v e s t i g a t e d :  f i b e r  wound epoxy and a1 umina. I n  addi  t i o n  
t o  s t r e n g t h  t o  weight  r a t i o s ,  machinabi 1  i t y ,  c o r r o s i o n  res i s t ance ,  
r e l i a b i l i t y ,  and p r a c t i c a l i t y  were of major  importance. For the  
p ro to t ype ,  an aluminum a l l o y  hous ing (7075-T6) was used because t he  
m a t e r i a l  was inexpens ive,  r e a d i l y  a v a i l a b l e ,  and adaptab le  t o  des ign 
changes. Second genera t ion  p r o f i l e r s  cou ld  sw i t ch  t o  t i t a n i u m  t o  reduce 
the  f o r  c o r r o s i o n  problems w i  t h  an acceptab le  c o s t  i ncrement . 
3.3.2 The F l y i n g  F i s h  Housing. 
The main pressure hous ing has a  depth 1 i m i t a t i o n  o f  6900 meters .  
The s i x  i n c h  i n n e r  d iameter  dimension f o r  t h e  hous ing i s  an i n d u s t r y  
s tandard which was cons idered d e s i r a b l e  s i nce  t h i  s would inc rease  t h e  
number o f  a v a i l a b l e  sensor systems t h a t  cou ld  be r e a d i l y  i n t e g r a t e d  i n t o  
t he  p r o f i l e r .  The l e n g t h  o f  t h e  hous ing r e s u l t s  d i r e c t l y  from t h e  
payload requi rements .  
The fo rward  endcap has 18 pene t ra to r s ,  2 t o  power t he  r e l ease  
mechanism, 6 f o r  t he  r ecove ry  f l a s h  tubes (see Sec t i on  3 . 7 1 ,  6 f o r  t h e  
hydrophone-preampl i f ie rs  (2 f o r  power, 4  f o r  s i g n a l ,  and 4  spares) .  I n  
a d d i t i o n ,  the  f o rwa rd  endcap has a  bu i  1 t i n  s h u t t l e  v a l v e  t o  a1 low d r y  
a i r  t o  c i r c u l a t e  i n s i d e  t h e  hous ing d u r i n g  b a t t e r y  recharge t o  p reven t  
t he  b u i l d  up o f  exp los i ve  gasses (see F igu re  3 .3 ) .  The a f t  endcap can 
accomodate f o u r  12 p i n  e l e c t r i c a l  p e n e t r a t o r s  o f  which two a re  r ese rved  
f o r  t he  hydrographic  sensors and t h e  o t h e r  two ( f o r  a  t o t a l  o f  24 p i n s )  
a re  used to  d r i v e  t he  c o n t r o l  su r faces  (see Sec t ions  3.5 and 4 .8 ) .  The 
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S y n t a c t i c  Forebody 
F i g u r e  3 . 3  Drawing o f  the F l y i n g  F i s h  Fo rebody .  
f i n a l  geometry of the  a f t  endcap w i l l  change as t h e  mechanical d e t a i l s  o f  
the  fi shlsensor  i n t e r f a c e  a re  e s t a b l i s h e d  (beyond t he  scope o f  t h i s  
t h e s i s ) .  
3.4 THE FLOTATION MATERIAL 
3.4.1 Approaches t o  Buoyancy Generat ion.  
Two genera l  schemes f o r  gene ra t i ng  buoyancy a t  depth e x i s t :  pass i ve  
and a c t i v e .  The f irst method r e q u i r e s  no p o s i t i v e  change i n  d isp lacement  
and i s  u s u a l l y  accomplished by d ropp ing  a  b a l l a s t  weight .  Th is  b a l l a s t  
weight  must be s u f f i c i e n t l y  l a r g e  t o  overcome t h e  buoyancy o f  t he  
ins t rument  and t o  c a r r y  i t  down.. The a t t r a c t i o n s  a re :  t h i s  method i s  
s imple,  e f f e c t i v e ,  e a s i l y  ac tua ted ,  and t h e  r e s u l t s  a re  ins tan taneous .  
The second, a c t i v e ,  method i n v o l v e s  changing t h e  d isp lacement  o f  t h e  
veh i c l e .  Th is  can be done e i t h e r  mechan ica l l y  (eg. w i t h  a  pump) o r  
chemica l l y  (eg. gene ra t i ng  gasses which do n o t  d i s s o l v e  i n  wa te r ) .  E i t h e r  
approach t o  a c t i v e l y  changing t h e  buoyancy has drawbacks i n c l u d i n g :  ( 1 )  
no i nhe ren t  f a i l s a f e  c a p a b i l i t y ,  ( 2 )  l o n g  a c t u a t i o n  t ime,  (3) n o t  e a s i l y  
implemented, and (4) d i m i n i s h i n g  e f f i c i e n c y  a t  p ressure .  
The pass ive  approach t o  buoyancy gene ra t i on  r e q u i r e s  m a t e r i a l s  which 
have a  d e n s i t y  l e s s  than water y e t  have t he  s t r e n g t h  t o  w i t hs tand  f u l l  
ocean pressure.  For deep ocean f l o t a t i o n ,  l a r g e  ho l l ow  g l ass  spheres 
( t h e  l a r g e s t  commerc ia l ly  a v a i l a b l e  g l ass  spheres a re  17 inches i n  
diameter)  p rov i de  t he  bes t  buoyancy per  pound b u t  have severa l  
fundamental drawbacks: ( l l t h e y  a r e  b u l k y  and ha rd  t o  pack e f f i c i e n t l y  i n  
a  g iven  space. Subs tan t i a l  volume i s  wasted. (2 )  I f  one f l o t a t i o n  
sphere ca tas t r oph i  c a l  l y  d e s t r u c t s  due t o  a  s t r u c t u r a l  f l a w ,  ad jacen t  
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spheres tend t o  implode i n  sympathy. I n  such a  case, any reserve  
buoyancy (and the  ins t rument  i t s e l f )  i s  l o s t .  A composi te m a t e r i a l ,  
s y n t a c t i c  foam, was developed t o  p rov i de  buoyancy a t  depth w i t hou t  these  
drawbacks. 
3.4.2 Syn tac t i c  Foam. 
S y n t a c t i c  foam i s  a  composite m a t e r i a l  o f  g l ass  m i c roba l l ons  
( t y p i c a l l y  200 microns i n  d iameter )  embedded i n  an epoxy r e s i n  m a t r i x .  
The r e s i n  has a  s p e c i f i c  g r a v i t y  1.3, t he  composite m a t e r i a l  has a  
s p e c i f i c  g r a v i t y  between 0.4 and 0.6 depending on t he  h y d r o s t a t i c  
pressures expected. The buoyancy r e s u l t s  from the  volume d i s p l a c e d  b y  
t h e  g l ass  spheres. I d e a l l y ,  t h e  h y d r o s t a t i c  s t r e s s  i s  shared by  t h e  
g lass  spheres and t he  r e s i n .  The m ix tu re  can be c a s t  and machined 
w i t h o u t  adverse ly  a f f e c t i n g  t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  b u l k  
mate r ia l - -a  p r o p e r t y  which i s  i d e a l  f o r  p r o t o t y p i n g  where changes a r e  
made on a  day t o  day bas i s  and patches can e a s i l y  be made i n  t he  f i e l d .  
I f  a  s t r u c t u r a l  f a i l u r e  o f  the  composite occurs ,  i t  i s  n o t  c a t a s t r o p h i c .  
I ns tead  t he re  i s  a  l o n g  te rm degrada t ion  o f  t h e  m a t e r i a l  t h a t  i s  a  
f u n c t i o n  o f  the  number o f  c yc l es  and t he  ambient p ressure  d u r i n g  each 
cyc l e .  For t he  F l y i n g  F ish ,  where severa l  d i v e s 1  day a re  expected, t h i s  
degradat ion can be mon i to red  by  r e c o r d i n g  t h e  ascent  r a t e  (as measured by  
t he  pressure vs.  t i m e ) .  
Syn tac t i c  foam i s  g e n e r a l l y  c a s t  i n  one cub ic  f o o t  b l ocks  ( 1  X 2 X 
1 /21  which a re  subsequent ly  g l ued  t oge the r  and machined t o  shape. Fo r  
t he  F l y i n g  F ish ,  t h i s  approach would r e s u l t  i n  70% wastage o f  t h e  b l o c k  
m a t e r i a l .  For t h i s  reason, c a s t  t o  shape s y n t a c t i c  was pursued. P a t t e r n s  
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and molds f o r  t h e  p r o t o t y p e  were made i n  house; t h e  c a s t i n g  was done by 
an o u t s i d e  c o n t r a c t o r .  The f i n a l  r e s u l t  was a  s l i g h t l y  h e a v i e r  foam ( a  
s p e c i f i c  g r a v i t y  o f  0.59 VS. 0.56 f o r  b l o c k  m a t e r i a l ) .  
3.5 THE CONTROL SURFACE ACTUATOR. 
3.5.1 Background. 
A  c o n t r o l  sur face i s  designed t o  induce an a t t i t u d e  change i n  t h e  
main f u s e l a g e  by d e v e l o p i n g  a  r e l a t i v e l y  sma l l  l i f t  f o r c e  a t  some 
d i s t a n c e  f r o m  t h e  c e n t e r  of  g r a v i t y  (CG) o f  t h e  body. C o n t r o l  s u r f a c e s  
may be l o c a t e d  e i t h e r  fo rward o r  a f t  of  t h e  CG b u t  any surfaces f o r w a r d  
o f  t h e  CG w i l l  c o n t r i b u t e  t o  s t a t i c  i n s t a b i l i t y .  F i g u r e  3.4 
s c h e m a t i c a l l y  shows t h e  major  components i n  t h e  c o n t r o l  s u r f a c e  
a c t u a t o r .  These i n c l u d e :  (1)  t h e  c o n t r o l  s u r f a c e s ;  ( 2 )  t h e  motors ;  ( 3 )  
the  gear t r a i n ;  ( 4 )  t h e  o p t o - i n t e r r u p t o r s ;  and ( 5 )  t h e  p r e s s u r e  
compensator. The r o l e  t h a t  each component p l a y s  i n  t h e  system d e s i g n  i s  
desc r ibed  below. 
3.5.2 The C o n t r o l  Sur faces .  
C o n t r o l  sur face a c t u a t o r s  be long  t o  one o f  two b road  c a t e g o r i e s :  
(1)  those t h a t  g e n e r a t e  l i f t  w i t h  changes i n  camber and ( 2 )  those t h a t  
generate  l i f t  w i t h  changes i n  a n g l e  o f  a t t a c k .  Severa l  i n t e r e s t i n g  
a c t u a t o r s ,  wh ich a r e  i m p r a c t i c a l  i n  t h e  p r e s e n t  a p p l i c a t i o n ,  be long  t o  
t h i s  ca tegory :  b l a d d e r s  ( i n  wh ich f l u i d  i s  pumped from s i d e  to  s i d e ) ;  
b i m e t a l  1  i c  s t r i p s  ( i n  wh ich h e a t  causes d i f f e r e n t i a l  expans ion) .  The 
second ca tegory  i n c l u d e s  a c t u a t o r s  i n  wh ich a l l  o r  p a r t  o f  t h e  c o n t r o l  
sur face p i v o t s  around an a x i s  o r t h o g o n a l  t o  t h e  f l o w  f i e l d .  F u l l  f l a p  
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F i g u r e  3 . 4  Drawing of t h e  F l y i n g  F i s h  S t e r n  Gearbox Sub-assembly 
w i t h  Exploded View o f  C o n t r o l  S u r f a c e s .  
c o n t r o l s  a re  more e f f i c i e n t  l i f t i n g  surfaces (Feh lne r ,  1951 b u t  a re  more 
s u s c e p t i b l e  t o  damage because the  e n t i r e  c o n t r o l  f l a p  i s  can te levered .  
The p a r t i a l  f l a p  c o n t r o l  su r face  appended t o  a  f i x e d  l e a d i n g  edge can be 
model l e d  as a  f u l l y  movable f l a p  of reduced e f f i c i e n c y .  Th i s  reduced 
e f f i c i e n c y ,  and t he  cor responding hydrodynamic model, were d iscussed i n  
Sec t i on  2.6. 
For a p p l i c a t i o n s  where t he  d i r e c t i o n  of d e s i r e d  l i f t  i s  known i n  
advance (eg. an a i r p l a n e  wing) ,  bo th  camber and ang le  o f  a t t a c k  may be 
e x p l o i t e d  t o  generate l i f t .  For a p p l i c a t i o n s  i n  which the  d i r e c t i o n  o f  
des i r ed  l i f t  i s  unknown (eg. a  r udde r ) ,  t he  c o n t r o l  surface must be 
symmetri c a l  . 
For  t h e  F l y i n g  F ish ,  a  p a r t i a l l y  movable h inged f l a p  a t t a t c h e d  t o  a  
f i x e d  c rux i fo rm/annu la r  wing was chosen f o r  s t r u c t u r a l  i n t e g r i t y .  The 
2-Dimensional NACA 0012 f o i l  shape was chosen f o r  i t s  l i f t  and s t a l l  
c h a r a c t e r i s t i c s  which a re  descr ibed  i n  d e t a i l  i n  Sec t i on  2.3.2. 
Wi th  t he  f l a p  and wing geometry f i x e d ,  the  n e x t  s tep  i n  t he  a c t u a t o r  
design i s  t o  quan t i f y  t h e  h inge  moment, and spec i f y  the  a c t u a t o r  to rque  
requi rements .  The da ta  d e s c r i b i n g  t h e  h inge moment was generated f r om 
wing tunne l  t e s t s  conducted d u r i n g  t he  1940 's  (see B i  b l  i og raphy)  . 
3.5.2.1 P r e d i c t i n g  t h e  Hinge Moment 
The h inge moment i s  g e n e r a l l y  c a l c u l a t e d  u s i n g  wind t unne l  t e s t s  
because t he  s t rong  i n f l u e n c e  o f  t he  boundary l a y e r  i s  neg lec ted  i n  2  
dimensional  l i f t i n g  l i n e  t heo ry .  The v a r i a b l e s  w i t h  a s t r o n g  i n f l u e n c e  
on t he  assessment o f  t he  h i nge  moment i nc l ude :  ( 1 )  t h e  angu la r  
d e f l e c t i o n  of the f l a p ;  ( 2 )  t h e  speed through t h e  water ;  ( 3 )  t h e  r a t i o  o f  
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t h e  t o t a l  chord  t o  t h e  f l a p  chord;  t h e  shape of the  l e a d i n g  edge o f  t h e  
f l a p ;  (4 )  t h e  gap between t h e  f i x e d  and movable p o r t i o n s  o f  t h e  f i n ;  ( 5 )  
and t h e  h i n g e  p o i n t .  The a c t u a t o r  i s  t y p i c a l l y  designed for t h e  maximum 
s t a t i c  moment produced a t  s teady f l o w  s i n c e  these  va lues  a r e  n o t  exceeded 
i n  normal manuevers ( F e h l n e r ,  1951). 
3.5.2.2 The c o n t r i b u t i o n  of  a n g u l a r  d e f l e c t i o n ,  speed, and f l a p  geometry 
t o  t h e  h i n g e  moment. 
To keep h inge  moments t o  a  minimum (wh ich  was c r u c i a l  i n  World War I 
when h y d r a u l i c  a c t u a t o r s  were unknown and t h e  p i l o t  p r o v i d e d  t h e  a c t u a t o r  
f o r c e ) ,  t h e  c o n t r o l  surfaces a r e  o f t e n  ba lanced by p u t t i n g  t h e  a x i s  o f  
r o t a t i o n  near  t h e  chord  c e n t e r  o f  p ressure .  T h i s  c e n t e r  o f  p r e s s u r e  i s  a  
f u n c t i o n  o f  aspec t  r a t i o ,  a n g l e  o f  a t t a c k ,  and geometry ( F e h l n e r ,  1951; 
A b b o t t  and von Doenhoff, 1959; deYoung, 1947).  The c e n t e r  o f  p r e s s u r e  i s  
near t h e  25% chord f o r  h i g h  aspec t  r a t i o  wings and as h i g h  as 45% c h o r d  
f o r  low aspec t  r a t i o  wings (Wein ig ,  1947).  F i g u r e  3.5 g i v e s  t h e  
p e r t i n e n t  h i n g e  moment d a t a  for  t h e  NACA 0012 p r o f i l e  w i t h  a  30% chord  
f l a p .  The b i b l i o g r a p h y  i n c l u d e s  e x t e n s i v e  d a t a  showing t h e  a d d i t i o n a l  
d e g r a d a t i o n  i n  performance r e s u l t i n g  f r o m  a  gap between t h e  f i x e d  l e a d i n g  
edge and t h e  f l a p .  
For  t h e  F l y i n g  F i s h ,  t h e  speed and f l a p  geometry have a l r e a d y  been 
f i x e d .  Thus t h e  maximum h i n g e  moment, as shown by F i g u r e  3.5,  i s  g i v e n  
f o r  an a n g u l a r  d e f l e c t i o n  o f  15 degrees.  The maximum h i n g e  moment i s  
approx ima te ly  120 in -oz .  
Figure 3 . 5  Non-dimensional Hinge Moment and Lift of a 30% Control 
Flap on a NACA 0012 Foil with No Gap (after Garner, 1944 )  
Plotted for Various Flap Deflections as a Function of 
Angle of Attack. 
3.5.3 Motor Selection. 
Choosing motors for deep ocean applications involves more than the 
usual torque vs speed considerations: (1) the corrosive environment and 
(2) the high ambient pressures, are additional constraints. Standard 
shaft seals cannot withstand large pressure differentials, and must be 
used only i n pressure compensated systems. Magneti cal ly coup1 ed motors 
have the advantage that the windings can be in air at atmospheric 
pressure but eddy losses in the pressure bulkhead are unacceptable when 
the motor i s designed to withstand 10,000 psi . ambient pressure. 
Pressure compensated motors can be designed to run in high pressure gas 
(which requires a large reservoir) or liquid (which gives rise to 
parasitic drag). The fluid must lubricate and have relatively low 
viscosity. Brush commutated motors, when run in oil, produce carbon grit 
which destroys bearings and results in a short mean-time-to-failure. 
Stepper motors address the above considerations and are well suited to 
digital drive circuitry. They are, however, grossly inefficient for 
servo motor applications. Their torque vs speed characteristics (see 
Figure 3.6) force the designer to size the motor based on a worst case 
analysis which results in a large, heavy, power hungry actuator. 
Brushless DC motors with rare earth magnets have the best mechanical 
attributes (power to weight ratio; power to size ratio; see Figure 3.7) 
but are electrical ly more complex to control and require a greater number 
of electrical penetrators. This added complexity is more than offset by 
two outstanding benefits: the Hall Effect sensors used to commutate the 
windings can be exploited as (1) position and ( 2 )  velocity feedback 
sensors to be used in the motor control algorithm. Specifically, the two 
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Figure 3.6Idealized Motor Characteristics as a Fixed Drive Voltage. 
Note: Efficiency is defined as (Speed X ~orque)/(Voltage X 
Current). 







Figure 3 - 7  Maximum Power Out as a Function of Weight for 
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Figure 3.7 The stern mounted gear box: 1) Motor driver; 2) Brushless 
D.C. motor; 3 )  Gear train; 4) Optical interruptor; 5) Output 
shaft; 6) Electrical penetrators to the pinger. 
Hal 1  E f f e c t  s i g n a l s  a r e  two 5  V o l t  l o g i c  s i g n a l s  i n  quadra tu re .  Thus, by 
l o o k i n g  a t  the  s i g n  o f  one s i g n a l  on t he  r i s i n g  edge of t h e  o t h e r ,  one 
can t e l l  t he  d i r e c t i o n  of the  s h a f t  r o t a t i o n .  If an independent means o f  
i n i t i a l i z i n g  a  coun te r  i s  used (see Sec t ion  3.5.5 below),  then pu lses  
f r om one H a l l  E f f e c t  s i gna l  can be used t o  increment o r  decrement t he  
counter  depending on t he  d i r e c t i o n  of the s h a f t  r o t a t i o n .  Th is  counter  
a c t s  as a  p o s i t i o n  encoder where the  r e s o l u t i o n  depends on ( 1 ) t h e  number 
o f  w ind ings i n  t he  motor and (2) t he  gear r educ t i on .  S i m i l a r l y ,  i f  t he  
d u r a t i o n  of the  p u l s e  i s  measured, the  r a t e  o f  r o t a t i o n  o f  t he  s h a f t  can 
be c a l c u l a t e d .  
The number o f  bulkhead p e n e t r a t i o n s  was minimized by p l a c i n g  t h e  
d r i v e  e l e c t r o n i c s  i n  t he  o i l  f i l l e d  gear box. No f a i l u r e s  have r e s u l t e d  
f rom s u b j e c t i n g  t he  d r i v e  e l e c t r o n i c s  t o  h i g h  pressure.  The motor 
c o n t r o l l e r  i s  a  s i n g l e  c h i p  microcomputer d iscussed i n  d e t a i  1 i n  Sec t i on  
4.8. 
The e f f e c t s  o f  p a r a s i t i c  d rag  r e s u l t i n g  f rom runn ing  t h e  motors i n  
20 cps s i l i c o n e  o i l  a re  shown i n  F i gu re  3 .9 .  Roughly 202 o f  t he  motor 
e f f i c i e n c y  i s  l o s t  due t o  f l u i d  d rag  between the  s t a t o r  and the  r o t o r  
when r u n  a t  no l oad  (wo rs t  case).  
3.5.4 The Gear T r a i n .  
The p r i n c i p a l  cons ide ra t i ons  i nvo l ved  i n  des ign ing  t he  gear t r a i n  
f o r  t he  F l y i n g  F i s h  inc luded :  (1 )  t h e  d e s i r e d  o u t p u t  to rque ,  ( 2 )  t he  
speed o f  response, ( 3 ) t he  l e a s t  count  o f  t h e  c o n t r o l  f l a p ,  (4 )  s i z e ,  
( 5 > e f f i c i e n c y ,  and (6)rnechanical s tops which p reven t  s e l f - d e s t r u c t i o n  
d u r i n g  t e s t i n g .  
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Figure 3. 9 Quantifying the Viscous Losses Resulting from 
Running a 10 Watt Brushless Motor in Silicone Oil 
(200 Cps.) with No Load. 
The c o n t r o l  su r face  a c t u a t o r  to rque  i s  spec i f i ed  by t h e  h inge moment 
c o e f f i c i e n t  descr ibed above. For the  F l y i n g  F i sh ,  t he  wors t  case to rque  
i s  120 in-oz.  The motor o u t p u t  a t  s t a l l  i s  about 4 i n . o z .  w i t h  28 V o l t  
b a t t e r y .  
The l e a s t  count s e n s i t i v i t y  as determined by t h e  hydrodynamic 
cons ide ra t i ons  o u t l i n e d  i n  Sec t ion  2 .4  should n o t  be l e s s  than  1 degree. 
Thus, f o r  a  motor which s teps 180 degrees betweens wind ings,  a  minimum 
gear r a t i o  o f  180 i s  necessary.  
The f i n a l  des ign c o n s i s t s  o f  a  500: l  gear r e d u c t i o n  t o  p r o v i d e  a  
s t a l l  torque o f  2000 in.02. The l e a s t  s tep  count i s  0.3 degrees. A worm 
d r i v e  was chosen as the  f i n a l  o u t p u t  gear because i t  i s  compact, p rov i des  
a  l a r g e  reduct ion,and i s  a  r i g h t  ang le  t r a n s l a t i o n .  The i n h e r e n t  
i n e f f i c i e n c y  o f  a  worm d r i v e  i s  a  d e s i r a b l e  t r a i t  i n  as much as i t  i s  n o t  
backd r i vab le  and t h e  power t o  t he  motor can be t u rned  o f f  once a  se t  
p o i n t s  i s  reached. 
3.5.5 Auto c e n t e r i n g  o p t o - i n t e r r u p t o r .  
An independent sensor f o r  c e n t e r i n g  the  f i n s  was deemed d e s i r a b l e  
f o r  s t a r t u p  and f a i l s a f e  reasons. Th i s  one b i t  p o s i t i o n  sensor i s  an 
o p t i c a l  i n t e r r u p t  l oca ted  on t he  o u t p u t  s h a f t .  F i gu re  3.10 shows a  
schematic o f  the  o u t p u t  s h a f t ,  complete w i t h  i n t e r r u p t o r ,  worm gear, and 
mechanical s top.  The i n t e r r u p t o r  i s  p o s i t i o n e d  so t h a t  a  l o g i c a l  
t r a n s i t i o n  ( f r om  l i g h t  t o  dark )  occurs  when t h e  f i n s  a re  centered.  
I n  a d d i t i o n  t o  h e l p i n g  d u r i n g  t h e  i n i t i a l i z a t i o n  process, t h e  
i n t e r r u p t o r  o u t p u t  can be used as a d i a g n o s t i c  t o  mon i to r  gear 
s l ippage.  Every t ime  a  l o g i c a l  t r a n s i t i o n  occurs  on t he  o p t i c a l  
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FLAP DEFLECTION ANGLE (4) 
1 MECHANICAL STOP 
TO MOTOR CONTROLLER 
F i g u r e  3.10 Drawing of C o n t r o l  F l a p  A c t u a t o r  f o r  t h e  F l y i n g  F i s h .  
i n t e r r u p t o r ,  t he  p r e s e n t  p o s i t i o n  o f  t h e  s h a f t  i s  compared w i t h  t h e  i d e a l  
c e n t e r  v a l u e .  I f  t h e  d i sc repancy  i s  w i t h i n  an accep tab le  deadband, no 
gear s l i p p a g e  has occured.  
3 .5 .6  P ressure  E q u a l i z a t i o n .  
The moto r lgearbox  assembly was designed to  r u n  i n  a  s i l i c o n e  o i l  a t  
ambient  p ressure .  A  diaphram was i n c o r p o r a t e d  i n t o  t h e  s t rongback  
r u n n i n g  t h r o u g h  t h e  c e n t e r  of  t h e  gear box t o  accomodate d i f f e r e n c e s  i n  
c o m p r e s s i b i l i t y  between t h e  o i l  and sea wa te r .  The change i n  volume due 
t o  p r e s s u r e  and temperature  e f f e c t s  can be as g r e a t  as 10% o f  t h e  gearbox 
hous ing  volume. 
3 .5 .7  O u t p u t  S h a f t  A l i gnment .  
The s t rongback r u n n i n g  th rough  t h e  c e n t e r  o f  t h e  gear box c o u l d ,  
under load,  d e f l e c t  s u f f i c i e n t l y  to  a f f e c t  t h e  a l i g n m e n t  o f  t h e  o u t p u t  
s h a f t s .  For  t h i s  reason, t h e  e n t i r e  gear box f l o a t s  i n s i d e  t h e  hous ing .  
A l ignment  w i t h  t h e  t a i l  f i n  c o n t r o l  s u r f a c e  c o u l d  n o t  be m a i n t a i n e d  due 
t o  t o l e r a n c e  l i m i t a t i o n s  i n  t h e  c a s t i n g  o f  t h e  t a i l  f i n  assembly. A  
f l e x i b l e  c o u p l i n g  between t h e  a c t u a t o r  o u t p u t  s h a f t  and t h e  f l a p  was 
designed t o  accomodate t h i s  p o t e n t i a l  f o r  mi s a l  ignment.  
3.6 THE TAIL F I N  ASSEMBLY. 
For s t r u c t u r a l  and h a n d l i n g  reasons (see S e c t i o n  2.3.2) ,  an a n n u l a r  
f o i l  was chosen t o  p r o v i d e  t h e  d e s i r e d  hydrodynamic s t a b i l i t y .  To 
suppor t  t h i s  s t r u c t u r e  and p r o v i d e  t h e  d e s i r e d  c o n t r o l  a  r i g i d  l e a d i n g  
edge w i t h  movable f l a p s  was chosen d e s p i t e  t h e  b e t t e r  per formance o f  
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a l l -movab le  f l a p s .  For reasons of s i m p l i c i t y  i n  a c t u a t o r  des ign ,  an 
unbalanced a i l e r o n  was chosen. The t h e o r e t i c a l  h inge  moments as a  
f u n c t i o n  o f  d e f l e c t i o n  ang le  f o r  t h i s  f l a p  were used t o  de te rm ine  t h e  
m o t o r l g e a r  t r a i n  o u t p u t  t o r q u e  requ i rements .  The f i n  shape and s i z e  are 
discussed i n  S e c t i o n  
The t a i l  f i n  assembly i s  by f a r  t h e  most v u l n e r a b l e  p a r t  o f  t h e  
f i s h .  For t h i s  reason, i t  i s  a  separa te  c a s t i n g  t h a t  can be r e p l a c e d  i n  
the f i e l d  w i t h o u t  open ing  t h e  gear box. The f l a p s  a r e  an i n t e g r a l  p a r t  
o f  t h e  c a s t i n g .  Because of t h e  l a r g e  d imens iona l  t o l e r a n c e s  of  such a  
c a s t i n g ,  i t  i s  i m p e r a t i v e  t h a t  t h e  a c t u a t o r  o u t p u t  s h a f t  need n o t  be 
c o l i n e a r  w i t h  t h e  f l a p  h inge  i n  o r d e r  f o r  t h e  c o n t r o l  s u r f a c e  t o  be 
operab le .  F i g u r e  3.10 shows how t h e  o u t p u t  s h a f t  and t h e  h i n g e  a r e  
decoupled.  Any m isa l i gnment  r e s u l t s  i n  a  smal l  and a c c e p t a b l e  amount o f  
s l i d i n g  between t h e  s h a f t  and t h e  f l a p .  F i g u r e  3.11 shows t h e  c r u x i f o r m  
be ing  removed f r o m  t h e  gear box. 
3.7 DEPLOYMENT AND RECOVERY AIDS. 
Though t h e  v e h i c l e  i s  i n t e n d e d  t o  maneuver t o  t h e  s h i p ,  i t  w i l l  on  
occas ion  be unab le  t o  do so (no  s i g n a l  a t  t h e  a c o u s t i c  r e c e i v e r s ,  f a i l e d  
motor w ind ings,  s o f t w a r e  g l i t c h ,  e t c .  1. To moni t o r  f i s h  p r o g r e s s  d u r i n g  
deployment, a  10 KHz p i n g e r  l o c a t e d  i n  t h e  t a i l  o f  t h e  f i s h  a l l o w s  t h e  
s h i p  t o  t r a c k  t h e  range and b e a r i n g  t o  t h e  f i s h .  S p e c i a l  p i n g  sequences 
have been e s t a b l i s h e d  t o  s i g n i f y  key  o p e r a t i o n s  such as b a l l a s t  r e l e a s e .  
Should a  prob lem a r i s e ,  t h e  master  c o n t r o l l e r  can a b o r t  t h e  d i v e  by  
d ropp ing  t h e  weight .  The d e f a u l t  c o n d i t i o n  f o r  t h e  v e h i c l e  i s  t o  
c e n t e r  t h e  c o n t r o l  s u r f a c e s  and head s t r a i g h t  up ( a c t u a l l y  a  s m a l l  s p i n  
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Figure 3.10 Stabilizing fins and control surfaces are removable 
without disassembling the motor housing and gear box. 
i s  induced t o  t a k e  o u t  any tendency t o  g l i d e  i n  a  p a r t i c u l a r  d i r e c t i o n ) .  
Should t h i s  happen, r e c o v e r y  a i d s  a re  e s s e n t i a l .  Severa l  such a i d s  have 
been b u i l t  i n t o  t h e  f i s h :  ( 1 ) t w o  s t r o b e  l i g h t s  a r e  f a i r e d  i n t o  t h e  
fo rebody  o f  t h e  f i s h  and ( 2 ) t h e  f i s h  i s  p a i n t e d  f l u o r e s c e n t  orange. The 
s t robes  and r e f l e c t i v e  p a i n t  a r e  i n tended  t o  i nc rease  t h e  v i s i  b i  1  i t y  of 
t h e  f i s h  once i t  has reached t h e  s u r f a c e .  
I V  ELECTRONIC ARCHITECTURE 
4.1 THE IMPACT OF THE SCIENTIFIC MISSION ON THE ELECTRONIC DESIGN. 
L i k e  t he  mechanical des ign  of  the  f i s h ,  t he  des ign  of t he  e l e c t r o n i c  
c i r c u i t r y  which governs t he  da ta  c o l l e c t i o n  and c o n t r o l s  t h e  v e h i c l e  
homing i s  cons t ra ined  by t he  s c i e n t i f i c  m iss ion .  These requi rements  a re  
summarized here : 
4.1.1 The Data Volume. 
Dur ing  ope ra t i on ,  two types o f  da ta  w i l l  be c o l l e c t e d  by t h e  f i s h ,  
raw s c i e n t i f i c  da ta  and eng inee r i ng  data.  The s c i e n t i f i c  da ta  w i l l  
c o n s i s t  o f  ( nom ina l l y )  one t o  t e n  meter v e r t i c a l  averages o f  
c o n d u c t i v i t y ,  temperature,  and depth and t o t a l s  about 200 KBytes per  
deployment. The eng ineer ing  da ta  w i l l  be used t o  mon i t o r  f a i l u r e s  and 
l ong  term degrada t ion  of t h e  f i s h  and c o n s i s t s  o f  v e h i c l e  a t t i t u d e  (yaw 
and p i t c h ) ,  c o n t r o l  e f f o r t  ( t i m e  h i s t o r y  o f  c o n t r o l  f l a p  d e f l e c t i o n s ) ,  
ascent r a t e  ( t o  measure changes i n  v e h i c l e  buoyancy), and key system 
vo l tages  and c u r r e n t s  (eg. b a t t e r y  c o n d i t i o n ) .  These da ta  need n o t  be 
c o l l e c t e d  as o f t e n  and s to rage  requi rements  can be as low as 50 KBytes. 
Thus 256 KBytes w i l l  be adequate f o r  a l l  da ta  l o g g i n g  requ i rements .  
4.1.2 The Time Between Deployments and t h e  Data T rans fe r  Rate. 
The minimum t ime  r e q u i r e d  between deployments should  n o t  exceed t h e  
t ime i t  takes f o r  a  s h i p  t o  go f r om one hydrograph ic  s t a t i o n  t o  t h e  n e x t  
( o f  o rde r  one hour ) .  Thus, t h e  f i s h  must be a b l e  t o  d ischarge  a  complete 
da ta  se t  (256K Bytes)  and be ready f o r  another  deployment w i t h i n  one hour 
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o f  recovery .  Th is  requi rement  was used t o  def ine the  da ta  t r a n s f e r  r a t e  
between the f i s h  and the  sh ipboard computer and e s t a b l i s h  t he  
communications p r o t o c o l .  If one i nc l udes  a communications overhead 
requi rement  o f  100% ( f o r  handshaki ng purposes),  and assumes s e r i  a1 da ta  
communication, a minimum of a 4800 Baud communications l i n k  i s  r e q u i r e d  
t o  meet the one hour da ta  t r a n s f e r  t ime .  To ease i n t e r f a c i n g  problems 
w i t h  commercial sensors and n o t  r e s t r i c t  the  t ype  o f  sh ipboard computer 
used, the  cho ice o f  e l e c t r i c a l  i n t e r f a c e  was r e s t r i c t e d  t o  I E E E  
s tandards.  
An a d d i t i o n a l  s e t  of eng ineer ing  da ta  can be generated between 
deployments when t he  f i s h  i s  exe rc i sed  by t h e  deck computer ( t h e  d e t a i l s  
o f  t h i s  a re  beyond t he  scope o f  t h i s  t h e s i s ) .  Th is  da ta  w i l l  be ab le  t o  
mon i to r  degradat ion of t he  hydrophones and w i  11 amount t o  an a d d i t i o n a l  
100 kBytes.  To a1 low f o r  t h i s  added s e l f - t e s t  c a p a b i l i t y ,  t h e  s e r i a l  
communications l i n k  was increased t o  9600 Baud. 
4.1.3 The Time Between Deployments and t he  Choice o f  B a t t e r y  Chemist ry .  
The sho r t  t u r n  around t ime  s p e c i f i e d  by t he  s c i e n t i f i c  m i ss i on  
af fec ts  no t  o n l y  t he  cho ice o f  communications i n t e r f a c e ,  b u t  t he  
s e l e c t i o n  o f  b a t t e r y  chemis t ry .  I f  pr imary  (non-rechargeable) c e l l s  a re  
used, a s imple method i s  r e q u i r e d  t o  mon i to r  t h e i r  energy s to rage  and t o  
r ep lace  them when necessary.  Secondary ( rechargeable)  c e l l  s have lower  
energy d e n s i t y  r a t i o s  b u t  need n o t  be rep laced  on a r e g u l a r  b a s i s .  The 
d e t a i l e d  b a t t e r y  s e l e c t i o n  i s  d iscussed i n  Sec t i on  4.11. 
4.1.4  Support  Systems and I n f r a s t r u c t u r e  Requirements. 
The f i s h  should be usable by two members o f  an ope ra t i ons  team w i t h  
a minimum o f  t r a i n i n g  o r  suppor t  i n f r a s t r u c t u r e .  To achieve t h i s  goa l ,  
t he  comp lex i t y  of t h e  e l e c t r o n i c  hardware must be t r anspa ren t .  Th i s  
t ransparency must cover  t h ree  areas:  ( l l u s e ,  (Z>maintenance, and 
(3 ) repa i  r. Trad i  t i o n a l  l y ,  oceanographic measurements have been somewhat 
successfu l  i n  address ing ease o f  use, bu t  maintenance and r e p a i r  have 
r e q u i r e d  s u b s t a n t i a l  i n f r a s t r u c t u r e  i n  t he  form o f  h i g h l y  t r a i n e d  people  
t o  suppor t  equipment bo th  p r i o r  t o  and d u r i n g  l a r g e  oceanographic 
exper iments.  
To a t t a c k  t h i s  problem, a modular e l e c t r o n i c  a r c h i t e c t u r e ,  i n  which 
each module i s  b u i l t  around a micro-processor ,  was pursued. The b e n e f i t s  
o f  t h i s  a r c h i t e c t u r e  a re  two f o l d :  ( 1 )  each processor ,  i n  a d d i t i o n  t o  
per fo rming  a core f u n c t i o n  w i t h i n  t he  f i s h ,  can pe r f o rm  a number o f  
s e l f - t e s t  a l go r i t hms  t o  he lp  i s o l a t e  a f a u l t ,  and ( 2 )  once t he  f a u l t  i s  
found, t he  module can be rep laced  as a s i n g l e  e n t i t y  w i t h o u t  a f f e c t i n g  
o t h e r  components w i t h i n  the  f i s h .  These modules were t i e d  t o g e t h e r  
w i t h  a s tandard communications p r o t o c o l  so t h a t  a d d i t i o n a l  modules and 
sensors can e a s i l y  be i n t e r f a c e d .  Each i n t e l l i g e n t  subsystem i s  capable 
o f  be ing  i n t e r r o g a t e d  and c o n t r o l l e d  by e x t e r n a l  hardware (eg. t h e  main 
cpu o r  t he  deck computer)or by t h e  ope ra to r .  
4.2 THE DESIGN PHILOSOPHY: SYSTEM OVERVIEW 
F igure  4.1 shows t he  F l y i n g  F i s h  surrounded by t h e  r e q u i r e d  
shipboard suppor t  equipment. Th i s  suppor t  gear ,  which was designed i n  
p a r a l l e l  w i t h  t he  f i s h  (and i s  formal1,y beyond the  scope o f  t h i s  t h e s i s )  
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Figure 4.1 Schematic of major shipboard system components. 






i s  of a  s tand a lone na tu re .  The d o t t e d  l i n e s  show t h e  p o t e n t i a l  o f  t y i n g  
t h i s  equipment t oge the r  w i t h  a  s e r i a l  communications network t o  enhance 
system automat ion. 
F i gu re  4.2 shows t he  major  e l e c t r o n i c  sub-assemblies o f  t h e  F l y i n g  
F i sh .  These i n c l u d e  the  main da ta  logger ,  the r e c e i v e r ,  the  phase 
comparators, t h e  motor d r i v e r s ,  the  b a l l a s t  r e l ease ,  t he  p i nge r ,  and t he  
recovery  f l a s h e r s .  The r e s u l t i n g  a r c h i t e c t u r e  i nc l udes  e i g h t  
microprocessors  aboard the  f i s h .  These processors a r e  ar ranged i n  a 
h i e r a r c h i c a l  f a s h i o n .  
A1  though a l l  t he  processors  a re  execu t ing  assembly code a t  r o u g h l y  
t he  same speed, each l e v e l  i n  t he  h i e r a r c h y  i s  per forming a  f u n c t i o n  t h a t  
can be cha rac te r i zed  by a  t ime  cons tan t .  For example: The main da ta  
logger  i n t e r f a c e s  t o  t he  sh ipboard computer and c o n t r o l s  t h e  o v e r a l l  
system ( t u r n i n g  on lo f f  sub-sys terns, d ropp i  ng the  b a l l  a s t ,  l o g g i  ng data,  
e t c . )  on t ime sca les  of minutes.  The lowes t  l e v e l  i n  t h e  h i e r a r c h y  i s  
made up o f  t he  "end e f f ec to r s "  t h a t  a c t u a l l y  measure t h e  phase 
d i f f e r e n c e s ,  r u n  t he  motors,  and d r i v e  t he  p i  nger.  The c h a r a c t e r i  s t i  c  
t ime sca le  on t h i s  l e v e l  ranges f rom 0.1 t o  0.002 seconds. 
Between each l e v e l  i n  t h i s  h i e r a r c h y  i s  a  communications p r o t o c o l  
which serves severa l  purposes: 
-To t r ans fe r  da ta  from one l e v e l  t o  another .  Data t r a n s f e r  between 
two processors r unn ing  asynchronous ly  and connected by a  l i m i t e d  
bandwidth communications l i n k  g i ves  r i s e  t o  severa l  i n t e r e s t i n g  problems 
which a re  d iscussed below. 
C 
-To s i g n i f y  a  sub-system f a i l u r e .  Sub-system f a i l u r e  can occur  
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mechanism must e x i s t  t o  n o t i f y  t he  main cpu, and, u l t i m a t e l y ,  the  person 
i n  charge o f  the  f i s h .  I n  t he  case o f  f a i l u r e  d u r i n g  deployment, the  
i n f o r m a t i o n  should fo rce  t he  f i s h  t o  abo r t  t he  deployment ( i e .  drop t he  
weight  and change t h e  p i n g  r a t e  t o  n o t i f y  t he  surface vessel  t h a t  a  
problem e x i s t s ) .  For a  f a i l u r e  d u r i n g  t e s t i n g ,  the  communications 
between t he  main c o n t r o l l e r  and t h e  s lave processors  can be e x p l o i t e d  t o  
i s o l a t e  t h e  problem (bo th  the  problem source and t he  prob lem t ype ) .  
I n  a d d i t i o n  t o  t he  o p e r a t i o n a l  advantages of a  modular a r c h i t e c t u r e  
based on i n t e l  1  i gent  sub-sys tems , the re  a re  severa l  advantages 
immediate ly  ev i den t  t o  t he  des igner :  
-Each sub-assembly can be designed, bu i  1  t , and t e s t e d  i ndependent ly  
o f  o t he rs .  
-Software r o u t i n e s  can be w r i t t e n  t o  t e s t  each module and i s o l a t e  
f a u l t s .  
-By implement ing t he  des ign i n  sof tware,  t he  p r o t o t y p e  can be e a s i l y  
t e s t e d  and adapted t o  a  v a r i e t y  o f  m iss ions .  For example, t he  a u t o p i l o t  
feedback ga ins  can be manipu la ted i n  the  f i e l d  v i a  t he  s e r i a l  i n t e r f a c e  
w i t hou t  opening the  main p ressure  housing. 
-Software implementat ion a l l o w s  f o r  t he  i n c l u s i o n  o f  excep t ions  
w i t h i n  t he  a l g o r i t h m .  These excep t ions  a l l o w  a  module t o  employ d e f a u l t  
cond i t i ons  i n  t h e  event  of a  sub-system f a i l u r e .  
There a re  t h r e e  key f a c t o r s  which determine the  a p p l i c a b i l i t y  o f  
d i s t r i b u t e d  i n t e l l i g e n c e  w i t h i n  a  s i n g l e  ins t rument :  
-each sub-system must be we1 1  de f ined ,  t h e  p e r i p h e r a l  ch i ps  k e p t  t o  
a  minimum. For t he  F l y i n g  F ish,  where v e h i c l e  s i z e  i s  o f  impor tance,  
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circuit size takes on added importance. 
-the interface (both mechanical and electrical~should be standard 
and simple (each processor up and down the hierarchy should be required 
to know a minimum about the other processors). 
-the task should be 110 intensive. If much processing is required, 
a single microcomputer optimized for number crunching should be 
implemented. 
In the Flying Fish, each phase comparator (one for each axis) and 
motor driver circuit is built around a single chip micro-computer. When 
the fish is actively homing on the surface beacon, the phase comparators 
are sampling the phase difference at about 100 Hz. This information is 
averaged over 32 cycles and processed by the autopilot sub-assembly which 
contains a simple model of the fish dynamics (see Chapter 5 for model 
derivation). The results of this processing are sent to the motor 
drivers as set points. The motor drivers are closed loop servos which 
move the control surface to the desired position. The inter-processor 
communications are via an open collector Serial ASCII Intrumentation Loop 
(SAIL) bus operating at 9600 Baud (Mesecar and Di 1 lon, 1981 ; Bradley and 
Terry, 1983, IEEE 997-1985). The cycle is repeated at a 20 Hz rate. 
There are several problems which arise as a result of distributed 
intelligence within a single instrument. These problems are: (1)control 
(how do you get each module to do its job?), (2)monitoring (how do you 
know its correctly executing a given task?),and (3)system synchronization 
(when passing data from one processor to another, how do you know the 
data is valid? in the case of passing 16 bit arguements on a 9600 Baud 
serial link, how do you insure that th.e first 8 bits are from the same 
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measurement as the  second 8 b i t s ? ) .  
4 .2 .1  Con t ro l  o f  Slave Processors.  
Each processor i n  the  h i e r a r c h y  i s  c o n t r o l l e d  by and r e s p o n s i b l e  t o  
the  processor  above i t .  The phase comparators, f o r  example, a re  
c o n t r o l l e d  by the  a u t o p i l o t  which i s  i n  t u r n  c o n t r o l l e d  by the  main cpu. 
The main cpu should be ab le  t o  ove r - r i de  t h e  a u t o p i l o t .  S i m i l a r l y ,  t h e  
deck computer o r  t he  ope ra to r  should be a b l e  t o  ove r - r i de  t he  main cpu. 
Th is  c a p a b i l i t y  a l l ows  f o r  enhanced t e s t i n g  and f a u l t - f i n d i n g  programs a t  
a l l  l e v e l s  w i t h i n  t h e  h i e ra r chy .  
4.2.2 M o n i t o r i n g  s l ave  processors  i n  a  h i e r a r c h i c a l  a r c h i t e c t u r e .  
As a  p r imary  system des ign  cons ide ra t i on ,  i t  i s  impo r t an t  t h a t  t he  
communi c a t i o n  p r o t o c o l  i n c l  ude some handshaki ng capabi 1  i t y  t o  i nsure  t h a t  
each s l ave  module i s  r unn ing  c o r r e c t l y .  Th i s  i s  done w i t h  a  s t a t u s  b y t e  
which i s  generated by each module and up-dated f r e q u e n t l y .  As each 
module begins a  t a s k  i n  i t s  program, a  un ique s t a t u s  f l a g  d e s c r i b i n g  t h a t  
task  i s  s e t .  As each task  i s  s u c c e s s f u l l y  completed, t he  f l a g  i s  
c lea red .  Should a  problem a r i s e  and a  t a s k  be l e f t  undone, t he  f l a g  
q u i c k l y  i n d i c a t e s  t h e  p o i n t  o f  e x i t  f rom t h e  program. Th is  s t a t u s  f l a g  
can serve t o  i n d i c a t e  and i s o l a t e  f a u l t s .  Dur ing  a  deployment, a  f a u l t  
i n d i c a t e d  by any of a  number o f  s t a t u s  f l a g s  w i l l  beg in  t he  execu t i on  o f  
a  d e f a u l t  program t h a t  w i l l  a b o r t  a  d i v e  and h o p e f u l l y  save t h e  f i s h .  
The d e f a u l t  a r c h i t e c t u r e  depends on whether a  s p e c i f i c  module i s  an 
i n f o r m a t i o n  source (eg.sensors> o r  an i n f o r m a t i o n  s i n k  (eg. a c t u a t o r s ) .  
I n  the F l y i n g  F ish,  i n f o rma t i on  sources use the  s t a t u s  f l a g  t o  denote t he  
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q u a l i t y  o f  t he  i n f o r m a t i o n  t h a t  they a re  gene ra t i ng  ( a  1  b i t  q u a l i t y  
c o n t r o l  f l a g ) .  These sources c o n t i n u a l l y  a t tempt  t o  generate  v a l i d  
i n f o r m a t i o n  w i t h  no fundamental change i n  t h e i r  a l g o r i t h m .  I n f o r m a t i o n  
s i nks ,  on the  o t h e r  hand, use the s t a t u s  by te  t o  i n i t i a t e  s p e c i f i c  
d e f a u l t  sequences. Examples i nc l ude :  (1 )d ropp ing  t h e  b a l l a s t  weight  t o  
a b o r t  a  d i v e  and (2) moving the  c o n t r o l  f l a p s  t o  a  benign p o s i t i o n  ( ze ro  
d e f l e c t i o n  ang le ) .  
Two types o f  s t a t u s  f l ags  a re  used i n  the  f i s h :  gener i c  f l a g s ,  which 
a re  common t o  a1 1  sub-systems, and module s p e c i f i c  f l a g s .  The gene r i c  
s t a t u s  f l a g s  a re  shown i n  Table 4.1; t he  module s p e c i f i c  f l a g s  a re  
descr ibed  i n  t he  sec t i ons  p e r t a i n i n g  t o  each module. Should a  s l ave  
processor  program have i n i t i a l i z e d ,  b u t  n o t  begun any tasks ,  t he  s t a t u s  
by te  w i l l  be " * " .  "Z" s i g n i f i e s  t h a t  the  module i s  i d l i n g  i n  a  low power 
mode w i t h  a l l  p e r i f e r a l s  shu t  o f f .  As p a r t  o f  the  handshake, each s l ave  
s t a r t s  a  t i m e r  each t ime i t  i s  addressed. Should t h e  l o c a l  manager n o t  
address any module w i t h i n  a  g iven  window ( f o r  t he  F l y i n g  F i sh ,  a  1  second 
window i s  used), t he  s l ave  w i l l  s e t  t he  s t a t u s  by te  t o  " T "  and may beg in  
execu t ion  o f  a  d e f a u l t  program. Th i s  a b i l i t y  t o  d e f a u l t  i s  p a r t i c u l a r l y  
impor tan t  f o r  a c t u a t o r s  (motor d r i v e r s ,  p i  ngers,  and re l ease  
mechanisms). A second t i m e r  i s  r e s e t  every  t ime a  complete l o o p  through 
t h e  s lave  program i s  executed c o r r e c t l y .  Th is  i nsu res  t h a t  t h e  da ta  
generated by t h e  s lave  i s  r e l a t i v e l y  f r e s h .  I f  t h i s  t i m e r  ( a l s o  s e t  a t  1  
second i n  t he  f i s h )  counts o u t ,  the  s t a t u s  by te  i s  s e t  t o  "? " .  I f  a l l  
systems a re  r unn ing  c o r r e c t l y ,  a  " ! "  i s  generated by each s l ave  module. 
Th i s  i n f o r m a t i o n  i s  passed on t o  t he  l o c a l  SAIL loop  manager ( i n  t h i s  
case the  a u t o p i l o t )  and c o n s t i t u t e s  t he  o n l y  e s s e n t i a l  exchange between 
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* Program initialized 
Z Module is asleep (required for passthrough) 
T Communications Loop Breakdown 
? Program lost 
I Program functioning correctly 
1 Ignore status (to prevent default programs from over-riding 
during a test sequence) 
Table 4.1 Summary of generic status flags (ie. those common to 
all processors in the Flying Fish. 
8 Continuous Measurement Flag 
7 New Measurement Flag 
6 1 1) not used 
2 AID Channel Control 










Gyro Power Control 
Accelerometer Power Control 
Motor Power Control 
Phase Processor Reset (control of slave processors) 




Autopilot Control Word Bit Assignment 
l e v e l s  i n  the  processor  h i e r a r c h y .  The a u t o p i l o t ,  i n  a d d i t i o n  t o  check ing  
t o  see t h a t  i t s  own s t a t u s  i s  v a l i d ,  checks t o  see t h a t  t he  s t a t u s  o f  
each s l ave  processor i s  a l s o  v a l i d .  If a l l  i s  OK, a  s i n g l e  s t a t u s  b y t e  
( ! I  i s  passed on up t he  cha in  o f  command t o  t he  main cpu. System l e v e l  
dec is ions  o f  whether t o  a b o r t  a  d i v e  o r  change p i n g  r a t e  a re  made a t  t he  
h i ghes t  l e v e l  i n  t h i s  cha in  o f  command ( i e .  by t he  main cpu).  
Du r i ng  t e s t i n g ,  i t  i s  i n e v i t a b l e  t h a t  one o r  bo th  o f  the  t imeouts  
t h a t  f o rm  the  bas is  f o r  t he  two way i n t e rp rocesso r  handshakes w i  11 
occur.  To p reven t  t he  d e f a u l t  c o n d i t i o n  f r om  o v e r r i d i n g  a  t e s t ,  a  s t a t u s  
ignore  " I "  command can be sent  t o  t he  s lave  processors  t o  i n v a l i d a t e  any 
d e f a u l t  program. 
4.2.3 System Synchron iza t ion .  
The F l y i n g  F i s h  i s  a  mut i l -p rocessor  ins t rument .  As desc r i bed  
e a r l i e r ,  these processors a re  ar ranged i n  a  h i e r a r c h y ,  Th i s  h i e r a r c h y  i s  
cha rac te r i zed  by ex tens i ve  d i a l ogue  among processors  a t  a  s i n g l e  l e v e l  
and minimal exchange ( o n l y  i n i t i a l i z a t i o n  i s  passed down and sub-system 
s ta tus  passed up) between l e v e l s .  Faced w i t h  t he  problem o f  r e c o r d i n g  
t he  core o f  the  d ia logue  t h a t  i s  t r a n s p i  r i  ng on any g i v e n  1  eve1 , one can 
e i t h e r  (1 )  des ign separate da ta  loggers  f o r  each l e v e l  o r  ( 2 )  e s t a b l i s h  a  
p ro toco l  f o r  communications between l e v e l s  and use t h e  main da ta  l ogge r  
t o  record  a l l  t he  v a r i a b l e s  o f  i n t e r e s t .  The first approach r e q u i r e s  
a d d i t i o n a l  hardware and merging t h e  da ta  se ts  f r om  severa l  r eco rde rs  
r equ i r es  t h a t  t ime be logged redundan t l y  a t  each l e v e l .  A second 
approach i s  t o  pass t he  da ta  up t o  t h e  main cpu so t h a t  t h e  eng inee r i ng  
parameters can be merged w i t h  t h e  s c i e n t i f i c  da ta  s t r i n g .  Th i s  
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n e c e s s i t a t e s  one o f  t h e  f o l l o w i n g  two imp lementa t ions :  
-The d i f f e r e n t  l e v e l s  must be synchron ized.  S ince  each l e v e l  i s  
r u n n i n g  a d i s t i n c t  program w i t h  a d i f f e r e n t  e x e c u t i o n  t i m e ,  t h i s  f o r c e s  
one o f  t h e  programs t o  be a r t i f i c i a l l y  s lowed t o  t h e  pace o f  t h e  o t h e r .  
As a d d i t i o n a l  t a s k s  a r e  loaded o n t o  e i t h e r  p rocessor ,  ca re  must be taken  
t o  re -synchron ize  t h e  two programs. 
-A b u f f e r  can be f i l l e d  w i t h  the  d a t a  t h a t  i s  b e i n g  passed between 
l e v e l s .  Appended t o  t h i s  buf fer  must be a second handshake t o  s i g n a l  
t h a t  new d a t a  i s  a v a i l a b l e  o r  t h a t  the  d a t a  i s  o l d  and shou ld  be 
ignored.  Th is  second approach, w h i l e  c o m p l i c a t i n g  t h e  i n t e r - p r o c e s s o r  
communications p r o t o c o l ,  i s  immune t o  any changes i n  program l e n g t h .  I t  
a1 so a1 lows each program t o  be executed a t  t o p  speed w i t h o u t  a r t i f i c i  a1 l y  
s l o w i n g  t h e  system down. Should t h e  main program be f a s t e r  than  t h e  
a u t o p i l o t  program, a NEW DATA FLAG s e t  by  t h e  a u t o p i l o t  w i l l  v a l i d a t e  t h e  
d a t a  s t r i n g  which w i l l  t hen  be s t o r e d  i n  t h e  main cpu mass s t o r a g e  
(RAM). I f  t h e  a u t o p i l o t  program i s  f a s t e r ,  t hen  t h e  NEW DATA FLAG w i l l  
always appear v a l  i d .  I n  t h e  second case, some d a t a  w i  11 be l o s t  b u t  t h e  
logger  w i  11 be w o r k i n g  a t  f u l l  c a p a c i t y .  
T h i s  a d d i t i o n a l  handshake was implemented u s i n g  t h e  b i t  ass ignment  
shown i n  Tab le  4.2. B i t s  0, 1 ,  2, and 3 a r e  t h e  AID channel  s e l e c t  b i t s  
which a r e  t h e n  appended to  t h e  d a t a  s t r i n g  as i d e n t i f i e r s  o f  t h e  source 
o f  the  da ta .  B i t  7 causes t h e  AID t o  sample a s p e c i f i c  channel  
c o n t i n u o u s l y  i n  a s h o r t  l o o p  t o  a i d  i n  f a u l t  i s o l a t i o n .  B i t  6 i s  t h e  NEW 
DATA FLAG. 
4.3 THE BASIC BUILDING BLOCKS 
Since the physical capabi 1 i ties of the microprocessors and the 
attendant serial communications protocol are the building blocks of the 
modular electronic architecture of the fish, a small detour to describe 
the characteristics of each is in order. Further details are given in 
the manufacturer's data sheets and in the Bibliography. 
4.3.1 The Hitachi 6301 
The Hitachi 6301 is a single chip 8 bit microcomputer that is at the 
heart of each autopilot sub-system. Not intended for heavy processing 
tasks, its strengths lie in the following list of capabilities: 
-built-in Universal Asynchronous Receiver Transmitter (UART) for 
seri a1 communication (reduces the number of peripheral chips 
requi red). 
-three 8 bit I10 ports (good for I10 intensive tasks). 
-built in timer with input capture and output compare 
capability (for measuring and generating waveforms). 
-9 vectored interrupts (simplifies programming overhead by jumping 
to a different interrupt routine for each type of interrupt). 
The detai 1 s of how these attributes are exploited vary for each module 
and are explained in each section below. 
4.3.2 The SAIL Protocol 
A hierarchical SAIL communications bus is used throughout the fish 
(Mesecar and Dillon, 1981; Bradley and Terry, 1983; IEEE 997-1985). The 
monitor was written by Dr. Albert Bradley o f  W.H.O.I. The principal 
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a t t r a c t i o n  o f  t h i s  approach i s  i t s  s i m p l i c i t y .  SAIL i s  a  s i n g l e  degree 
o f  freedom system w i t h  no l i m i t a t i o n  on how the  da ta  i s  encoded o r  on t he  
communications speed (eg.  in fo rmat ion  may be encoded i n  changes i n  
vo l t age ,  c u r r e n t ,  phase, o r  frequency, and a  va r i ous  baud r a t e s ) .  Each 
module on t h e  SAIL bus i s  i n d i v i d u a l l y  add ress i b l e  and c o n t r o l l a b l e .  To 
access processors  on o t h e r  l e v e l s  of t he  h i e r a r c h y ,  SAIL pass-through 
(Brad ley  and Ter ry ,  1983) can be invoked t o  make the  i n t e rmed ia te  
processor t r anspa ren t  t o  any t r ansac t i ons .  Speci f i  ca l  l y ,  those 
processors which separate  any two l e v e l s  w i t h i n  t he  h e i r a r c h y  a re  
designed w i t h  two UARTs, one f o r  t r ansac t i ons  on t he  upper loop  and one 
f o r  t r a n s a c t i o n s  on t he  lower  loop.  Th is  two- leve l  communication i s  
t ime mu1 t i p l e x e d  t o  a1 low t r a n s a c t i o n s  on bo th  l e v e l s  s imu l taneous ly .  I f  
the  pass-through mode i s  invoked, charac te rs  t h a t  a re  i n p u t  on one UART 
a re  q u i c k l y  o u t p u t  on t h e  o t h e r  so t h a t  t he  processor  i s  e f f e c t i v e l y  
t ransparen t  t o  any t r a n s a c t i o n s  between l e v e l s .  F i gu re  4.2 shows a  
t h ree  l a y e r  SAIL h i e r a r c h y  w i t h  t he  main da ta  logger  a t  t h e  apex, t he  
p i n g e r l r e l e a s e  and t he  a u t o p i l o t  on the  second l e v e l  and t he  phase 
de tec to r s  and motor d r i v e r s  on t he  bottom. There i s  no fundamental l i m i t  
t o  the number o f  l a y e r s  a1 lowed w i t h  t h i s  approach bu t  a  p r a c t i c a l  1  i m i  t 
i s  enforced by  t he  mental  gymnast ics r e q u i r e d  i f  more than  t h r e e  l a y e r s  
a re  invo lved .  
Though t h e  d e t a i l s  o f  t h e  SAIL s t r u c t u r e  and t he  mon i t o r  b u i l t  i n t o  
t he  F l y i n g  F i s h  i s  beyond t h e  scope o f  t h i s  work, severa l  key p o i n t s  
about t h i  s approach h i  g h l  i g h t  t he  advantages and d i  sadvantages : 
(1)Smal l  p a r t s  coun t .  The open c o l l e c t o r  SAIL bus which i s  used 
w i t h i n  t he  ins t rument ,  r e q u i r e s  o n l y  one t r a n s i s t o r  and one r e s i s t o r .  
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Between t h e  f i s h  and t h e  deck computer, a  s i n g l e  c h i p  commerc ia l l y  
a v i a l a b l e  20ma o p t i c a l l y  i s o l a t e d  SAIL i n t e r f a c e  module i s  used t o  
i n c r e a s e  n o i  se immuni t y .  
( 2 ) A l l  t r a n s a c t i o n s  a r e  i n  ASCII. The main advantage i s  t h a t  a l l  
t r a n s a c t i o n s  on t h e  SAIL bus can be mon i to red  w i t h  a  s imp le  t e r m i n a l .  The 
d isadvantage i s  t h a t  ASCII encod ing r e q u i r e s  a  30% t o  40% overhead 
(compared t o  b i n a r y  encoding) wh ich d i r e c t l y  a f f e c t s  t h e  a b s o l u t e  r a t e  of  
communicat ion.  
(3 )Severa l  i n s t r u m e n t s  can be a t t a c h e d  t o  a  s i n g l e  SAIL bus. S ince  
each p rocessor  on t h e  bus has a  s p e c i f i c  address,  i t  w i l l  i g n o r e  any 
t r a n s a c t i o n s  which a r e  n o t  s p e c i f i c a l l y  t a r g e t e d  f o r  t h a t  p rocessor .  The 
advantage i s  a  minimum of c a b l i n g .  The d i sadvan tage  i s  t h a t  each address 
i s  severa l  c h a r a c t e r s  l o n g .  T h i s  a d d i t i o n a l  overhead f u r t h e r  c u t s  down 
t h e  speed o f  communi c a t i o n s .  
An upper  l i m i t  on  t h e  d a t a  r a t e s  i s  de te rm ined  by t h e  speed o f  t h e  
p rocessor  ( i t s  a b i l i t y  to  keep up w i t h  t h e  f l o w  of  da ta ,  a  f u n c t i o n  o f  
t h e  c r y s t a l  o s c i l l a t o r  f requency) and t h e  overhead requ i rements .  Th is  
overhead can t a k e  t h e  f o r m  o f  ( l l i n e f f i c i e n t  c o d i n g  and ( 2 ) i n d i v i d u a l  
addresses.  The s t a t u s  handshake (see S e c t i o n  4.2.2)  a l s o  d i m i n i s h e s  t h e  
e f f e c t i v e  communications r a t e .  How c r i t i c a l  l y  t h e  e f f e c t i v e  
communications i s  i m p a i r e d  by  these  overhead requ i rements  depends on t h e  
a p p l i c a t i o n .  I n  t h e  F l y i n g  F i s h ,  t h e  i n t e r n a l  d a t a  r a t e s  a r e  determined 
by  t h e  need t o  dump 256 KBytes i n  a  one hour  p e r i o d  and t h e  need t o  
process incoming phase i n f o r m a t i o n  and g e n e r a t e  motor  s e t  p o i n t s  w i t h i n  a  
t i m e  span t h a t  i s  s h o r t  when compared w i t h  t h e  c h a r a c t e r i s t i c  t i m e  
c o n s t a n t  o f  t h e  f i s h  dynamics. As p r e s e n t l y  con f igu red ,  t h e  phase 
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comparators can make bear ing  measurements a t  about 100 Hz. The phase 
comparators a re  i n te r roga ted  and the  motor se t  po i  n t s  generated a t  about 
a 20 Hz r a t e  ( l i m i t e d  by processor  speed). Thus, f i v e  bea r i ng  
measurements can be averaged f o r  each motor s e t  p o i n t .  Th is  averag ing  i s  
done i n  so f tware .  
As s t a t e d  e a r l  i e r ,  one of  t he  advantages of a microprocessor  based 
p r o t o t y p e  ins t rument  i s the  f 1 e x i  b i  1 i t y  ga ined from hav ing  programmable 
parameters.  I f  one agrees w i t h  the  n o t i o n  o f  d i s t r i b u t e d  i n t e l l i g e n c e  
( i e  severa l  processors)  w i t h i n  a s i n g l e  ins t rument ,  t h e  h i e r a r c h i c a l  SAIL 
a r c h i t e c t u r e  a l l ows  d i r e c t  access t o  a l l  programmable cons tan ts  on a l l  
l e v e l s  w i t h i n  t he  h i e r a r c h y .  For example, t he  motor c o n t r o l l e r  ga ins  can 
be e a s i l y  changed j u s t  minutes p r i o r  to deployment w i t h o u t  opening t h e  
p ressure  case. 
4.4 THE MAIN DATA LOGGER. 
The d e t a i l e d  des ign of  t h e  main cpu was done by A1 b e r t  B rad ley  o f  
Woods Hole and i s  n o t  a p a r t  o f  t h i s  t h e s i s .  I t s  b l o c k  diagram, shown as 
p a r t  o f  F igure  4.2, i s  f a i r l y  conven t i ona l .  I t s  major  a t t r i b u t e s  a re  ( 1 )  
ve r y  low standby power and (2) i t  suppor ts  t he  SAIL p r o t o c o l  ( i n c l u d i n g  
pass-through).  Th i s  processor  i n t e r f aces  between t he  deck computer and 
t he  f i s h  sub-systems ( i n c l u d i n g  t h e  sensor pay load) .  I n  a d d i t i o n  t o  
a c t i n g  as go between, t h i s  p rocessor  board i s  t he  main da ta  l ogge r  f o r  
b o t h  s c i e n t i f i c  d a t a  and eng inee r i ng  data.  An AID appended t o  t he  cpu i s  
used as a d i g i t a l  v o l t  meter (DVM) t o  measure c r i t i c a l  vo l t ages  
throughout  the  system and i s  a major  component i n  t h e  system f a u l t  
i so l  a t  i o n  capabi 1 i ty .  Thi s processor  a1 so c o n t r o l  s t h e  power 
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d i s t r i b u t i o n  throughout  t he  f i s h .  Th is  power d i s t r i b u t i o n  i s  d iscussed 
i n  d e t a i l  below. 
For t he  purposes of t h i s  t h e s i s ,  t he  main cpu can be cons idered t he  
e q u i v a l e n t  o f  a  commerc ia l ly  a v a i l a b l e  da ta  logger  w i t h  some 110 
c a p a b i l i t y  t o  c o n t r o l  t he  power d i s t r i b u t i o n  i n  t he  f i s h .  
4.5 POWER DISTRIBUTION 
The des ign  of t he  power d i s t r i b u t i o n  system i s  d r i v e n  by two p r ima ry  
cons ide ra t i ons :  ( 1 )  t he  v o l t a g e  and c u r r e n t  requi rements  o f  t he  v a r i o u s  
system components; and ( 2 )  t he  need f o r  a  low power standby mode where 
a1 1 aux i  1 i a r y  components a re  shu-t down b u t  can be b rough t  up i n  an 
o r d e r l y  f a s h i o n .  A d d i t i o n a l  cons ide ra t i ons  i n c l u d e  t h e  e f f i c i e n c y  o f  
conve r t i ng  f r o m  t h e  b a t t e r y  vo l t age  t o  t he  va r i ous  system vo l t ages  and 
the  no ise  l e v e l  on c r i t i c a l  power 1 i nes  (eg. t o  t he  r e c e i v e r  
p r e a m p l i f i e r s ) .  F i gu re  4.3 shows schema t i ca l l y  t h e  power d i s t r i b u t i o n  
a r c h i t e c t u r e  w i t h i n  the  f i s h .  The main cpu i s  always powered up and can 
power sw i t ch  a1 1  o t h e r  components. The 5 v o l t  d i g i t a l  supply  t o  t he  main 
cpu i s  generated f rom a  +/-  5 v o l t  s w i t c h i n g  r e g u l a t o r  where the  -5 v o l t  
supply  i s  used i n  t he  l o c a l  power s w i t c h i n g  network ( a  10 v o l t  d i f f e r e n c e  
between the  source and t h e  gate i s  r e q u i r e d  t o  t u r n  on t he  F i e l d  E f f e c t  
T rans i s t o r s  (FET) s u f f i c i e n t l y  hard ) .  The re l ease ,  f l a she rs ,  p i n g e r ,  and 
motor d r i v e r  were a l l  designed i n  house and a l l  work o f f  the  raw b a t t e r y  
vo l t age  ( t h e i r  des ign i s  descr ibed  elsewhere i n  t h i s  t h e s i s ) .  To improve 
t he  no ise  Immunity of t h e  r e c e i v e r s ,  t h e i r  5V  supply  i s  de r i ved  
separa te ly  f r o m  t h e  d i g i t a l  5V  supp ly .  I n d i v i d u a l  spo t  r e g u l a t o r s  f o r  
each channel were used t o  reduce c ross  t a l k  between channels.  The 
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Note the ability of the Main CPU to shut down all sub-systems within the Fish. 
breadboard r e c e i v e r  s u f f e r e d  f r o m  power s u p p l y  c o u p l i n g  between t h e  Phase 
Locked Loop (PLL) o u t p u t  ( a  5 v o l t  square wave) and t h e  r e c e i v e r  i n p u t  ( a  
low l e v e l  ana log  s i g n a l  1. To address t h i s ,  separa te  s p o t  r e g u l a t o r s  were 
designed i n t o  each PLL c i r c u i t .  The two commercial sensors ,  t h e  r a t e  
g y r o  and t h e  acce le romete rs ,  have un ique  v o l t a g e  requ i rements  as shown. 
The b a t t e r y  charge c i r c u i t r y  i s  des igned so t h a t  t h e  i n s t r u m e n t  can 
be t e s t e d  u s i n g  shore power. C u r r e n t  surges ( e g . f o r  t h e  p i n g e r )  a re  
handled b y  l a r g e  e l e c t r o l y t i c  c a p a c i t o r s .  B a t t e r y  s e l e c t i o n  i s  d i s c u s s e d  
i n  S e c t i o n  4.11.  
4 .6  THE RECEIVERS. 
4.6.1 An Overview. 
To s i m p l i f y  t h e  c o n t r o l  a l g o r i t h m ,  an e f f o r t  was made t o  decouple  
p i t c h  and yaw dynamics. T h i s  l e d  t o  an ax i symmet r i c  v e h i c l e  w i t h  a  f o u r  
element phased a r r a y  ar ranged i n  two o r t h o g o n a l  axes.  Each a x i s  c o n s i  s t s  
o f  a  hydrophone p a i r  ( t w o  hydrophones),  t h e  s e p a r a t i o n  forms t h e  base1 i n e  
f rom which i n t e r f e r o m e t r i c  measurements o f  an incoming  cw a c o u s t i c  s i g n a l  
a r e  made. 
As t h e  s i g n a l  passes t h r o u g h  each s tage  of  t h e  r e c e i v e r ,  phase 
s h i f t s  may o c c u r .  F u r t h e r ,  t h e  phase s h i f t  i n  each channel  may d i f f e r  
due to  hydrophone m i s a l  ignment (see S e c t i o n  3 .1 .2)  o r  s i m p l y  due t o  
d i f f e r e n c e s  i n  component v a l u e s  (see S e c t i o n  4.7.4 fo r  a  d i s c u s s i o n  o f  
sources o r  e r r o r  i n  t h e  phase d i f f e r e n c e  measurements). Thus, f o r  a  
common i n p u t  s i g n a l ,  a  f i n i t e  phase d i f f e r e n c e  may appear a t  t h e  r e c e i v e r  
o u t p u t .  As l o n g  as t h i s  phase d i f f e r e n c e  i s  c o n s t a n t  o v e r  t h e  o p e r a t i n g  
range ( b o t h  phase and tempera tu re )  o f  t h e  f i s h ,  an a d d i t i v e  o f f s e t  i n  t h e  
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c o n t r o l  a l g o r i  thm w i l l  negate the  e f f e c t  o f  these phase s h i f t s .  If, 
between deployments, t he  measured phase d i f f e rence  can be t e s t e d  a g a i n s t  
a  known re fe rence ,  any l ong  te rm t rends  i n  t h e  rece ive r lhydrophone  
performance can be moni tored.  A t e s t  genera to r  has been b u i l t  t o  mon i t o r  
t he  phase i n p u t l o u t p u t  c h a r a c t e r i s t i c s  o f  t he  r e c e i v e r s  and t he  
hydrophones b u t  i s  no t  p a r t  o f  t h i s  t h e s i s .  
A b l o c k  diagram of t he  e n t i r e  r e c e i v e r l p h a s e  comparator module i s  
shown i n  F i gu re  4.4. The major  elements i n  t h e  b l o c k  diagram i n c l u d e  t h e  
band pass f i l t e r ,  t he  l i m i t e r ,  t he  phase locked  loop, and t h e  
mu1 t i  p l e x e r .  These sub-system components a re  descr ibed  below. 
4.6.2 The Receivers as a  Servo Loop. 
A r ev i ew  o f  t he  hydrodynamic a n a l y s i s  conducted i n  Sec t i on  2 .7  shows 
t h a t ,  g iven:  (1 )  an o p e r a t i n g  f requency,  ( 2 ) t h e  ambient no i se ,  ( 3 ) s i g n a l  
a t t e n u a t i o n  and spreading l osses ,  and (4 )des i  r e d  phase r e s o l  u t i o n ,  one 
can d e r i v e  a  r e l a t i o n s h i p  between source s t r e n g t h  and r e c e i v e r  
bandwidth.  To reduce t he  a c o u s t i c  power p u t  i n t o  t h e  water ,  a  narrow 
band r e c e i v e r  i s  d e s i r a b l e .  
The o p e r a t i n g  range o f  t h e  r e c e i v e r  i s  100 Hz wide t o  account  f o r  
Doppler s h i f t s  i n  the  homing beacon f requency due t o  f o rwa rd  mot ion  o f  
t he  f i s h .  Th is  o p e r a t i n g  range pu t s  a  lower  l i m i t  on t h e  bandwidth o f  
t h e  phase l o c k  loop  a t  10 Hz. Th i s  l i m i t  a r i s e s  f r om  the  cap tu re  
c h a r a c t e r i s t i c s  o f  the  PLL (Gardner , l966) .  As l ong  as t he  f i s h  and /o r  
beacon do n o t  g e t  d i sp l aced  such t h a t  t he  phase a t  t he  r e c e i v e r  changes 
3600 degrees per  second (1  meter pe r  second), t he  r e c e i v e r  shou ld  t r a c k  
t he  homing beacon. Since t h e  f i s h  i s  designed f o r  cons tan t  v e l o c i t y  
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manuevers, t r a c k i n g  t h e  beacon shou ld  n o t  be a  problem. 
4.6.2.1 The L i m i t e r .  S ince a l l  t h e  d e s i r e d  i n f o r m a t i o n  i s  c o n t a i n e d  i n  
t h e  phase, t h e  i ncomi ng s i g n a l  i s  amp1 i f i e d  and ha rd  1 i m i  t e d .  The s i g n a l  
i s  t h e n  e s s e n t i a l l y  a  square wave where t h e  z e r o  c r o s s i n g s  c o n t a i n  t h e  
phase/bear ing i n f o r m a t i o n .  Given a  nominal  s i g n a l  s t r e n g t h  c a l c u l a t e d  
f r o m  ( 1  ) t h e  assumed p ressure  f i e l d  a t  t h e  hydrophone and (2 )  t h e  
s e n s i t i v i t y  s p e c i f i c a t i o n s  of t h e  hydrophones, and i f  t h e  l i m i t e r  
s p e c i f i c a t i o n s  a r e  g i v e n  by t h e  manufacturer ,  t h e  g a i n  o f  t h e  a m p l i f i e r  
can be c a l c u l a t e d .  The schemat ics a r e  shown i n  Appendix 
4.6.2.2 The PLLImixer .  As d e s c r i b e d  above, t h e  PLL servos each r e c e i v e r  
pass band t o  t h e  apparen t  Doppler  s h i f t e d  f requency  o f  t h e  homing 
beacon. U n f o r t u n a t e l y ,  l i k e  a l l  s e r v o  systems, t h e  PLL i s  d r i v e n  by an 
e r r o r  s i g n a l .  T h i s  f i n i t e  e r r o r  appears on t h e  o u t p u t  o f  t h e  phase 
l o c k e d  loop  as a  f requency  independent phase j i t t e r  o f  o r d e r  3 t o  5 
degrees which i s  unacceptab le  (based on t h e  hydrodynamic s e n s i t i v i t y  
a n a l y s i s  i n  S e c t i o n  2 .6) .  By m i x i n g  t h e  incoming  s i g n a l  w i t h  a  l o c a l  
o s c i l l a t o r ,  a  d i f f e r e n c e  f requency  o f  500 Hz., i n  wh ich t h e  o r i g i n a l  
phase r e l a t i o n s h i p  i s  preserved,  g i v e s  as a c c e p t a b l e  phase j i t t e r .  Th i  s  
square wave s i g n a l  goes d i r e c t l y  i n t o  t h e  phase comparator  p r o c e s s o r  
wh ich uses an i n t e r n a l  t i m e r  t o  measure ( l > t h e  p e r i o d  o f  t h e  incoming 
s i g n a l  on one channel  and ( 2 ) t h e  t i m e  between z e r o  c r o s s i n g s  on two 
channels.  Thus, t h e  phase d i f f e r e n c e  r e s o l u t i o n  o f  t h e  phase comparator  
i s  a  f u n c t i o n  o f  o n l y  ( 1  > t h e  o p e r a t i n g  f requency  (500 Hz) and ( 2 ) t h e  
r e s o l u t i o n  o f  t h e  t i m e r .  T h i s  t h e o r e t - i c a l  phase r e s o l u t i o n  i s  0 .3  
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degrees. I n  p r a c t i c e ,  t h e  phase r e s o l u t i o n  i s  l i m i t e d  by t h e  f i n i t e  
phase j i t t e r  o f  t h e  PLL and i s  o f  o r d e r  1 degree;  s t i l l  w i t h i n  a c c e p t a b l e  
l i m i t s  as s p e c i f i e d  by t h e  homing e r r o r  c r i t e r i o n  d e r i v e d  i n  S e c t i o n  
2 .6 .  T h i s  raw phase i n f o r m a t i o n  can then  be averaged i f  a d d i t i o n a l  phase 
r e s o l u t i o n  i s  d e s i r e d .  
4.6.2.3 The M u l t i p l e x e r .  The m u l t i p l e x e r  shown i n  t h e  b l o c k  d iag ram i s  
used t o  s w i t c h  any hydrophone t o  any r e c e i v e r .  I f  a  f a u l t  e x i s t s  on one 
channel ,  t h e  hydrophone can be s w i t c h e d  t o  a  d i f f e r e n t  r e c e i v e r  t o  h e l p  
i s o l a t e  f a u l t s  d u r i n g  t e s t i n g  and t o  measure c r o s s t a l k  between channe ls .  
4.7 THE PHASE COMPARATOR 
4.7.1 The Hardware. 
The p r i n c i p a l  a t t r a c t i o n  o f  a  p rocessor  based phase comparator  i s  
i t s  s i m p l i c i t y  ( o n l y  t h r e e  i n t e g r a t e d  c i r c u i t s ) .  The p rocessor  s e l e c t e d  
f o r  comput ing t h e  phase d i f f e r e n c e  between two channels  i s  t h e  H i t a c h i  
6301 desc r ibed  e a r l i e r .  I n  a d d i t i o n  t o  t h e  b u i  1  t - i n  UART, t h e  a t t r a c t i v e  
f e a t u r e  o f  t h i s  p rocessor  i n  t h i s  a p p l i c a t i o n  i s  t h e  b u i l t  i n  t i m e r  w i t h  
i t s  c o n t r o l  r e g i s t e r s .  T h i s  a l l o w s  t h e  p rocessor  t o  measure t h e  p e r i o d  
o f  incoming square waves t o  w i t h i n  one c l o c k  c y c l e .  For a  c l o c k  
f requency  o f  614 KHz and an incoming  f requency  o f  500 Hz ( a f t e r  t h e  
m i x e r ) ,  t h e  phase r e s o l u t i o n  i s  o f  o r d e r  0.3 degrees w i t h  no a v e r a g i n g .  
D u r i n g  o p e r a t i o n ,  t h e  p r o c e s s o r  f i r s t  s e l e c t s  a  channel ,  measures 
t h e  p e r i o d  o f  t h e  incoming s i g n a l  on t h a t  channel ,  t hen  changes t o  a  
second channel to  c a p t u r e  t h e  phase d i f f e r e n c e  between t h e  two. The t i m e  
d e l a y  between t h e  two s i g n a l s  i s  d i v i d e d  by  t h e  p e r i o d  t o  make an 
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ins tantaneous measurement o f  the  phase d i f f e r e n c e .  
A d d i t i o n a l  advantages o f  a microprocessor  based phase comparator 
i nc l ude :  
-a programmable averag ing  i n t e r v a l  
-programmable phase o f f s e t  due t o  hydrophone degrada t ion .  
-programmable r e c e i v e r  channel s e l e c t i o n  
-programmable hydrophone s e l e c t i o n  (i ndependent ly programmabl e 
f rom r e c e i v e r  channel t o  i s o l a t e  any prob lem).  
-programmable l o c a l  o s c i l l a t o r  f requency (usefu l  i n  t he  
p ro to t ype  o n l y ,  t h i s  c a p a b i l i t y  a l l ows  f o r  some o p t i m i z a t i o n  
o f  the  m ixer  
des i  gn) 
-mon i t o r i ng  module s t a t u s  t o  warn t he  main cpu o f  a f a u l t .  
Because the  phase comparators a re  an i n f o r m a t i o n  source r a t h e r  than  
a s i nk ,  no d e f a u l t  c o n d i t i o n  i s  r equ i r ed .  I n  t h e  event  o f  a m a l f u n c t i o n ,  
an e r r o r  s t a tus  f l a g  i s  s e t  b u t  t h e  phase comparators con t i nue  t o  t r y  t o  
make a phase measurement. 
4.7.2 The Software.  
F i gu re  4.5 i s  a b l o c k  diagram o f  t he  so f tware  s t r u c t u r e  o f  t h e  
phase comparator t h a t  emphasizes t he  c o n t r o l  and m o n i t o r i n g  c a p a b i l i t y .  
The assembly language programs a re  a r ch i ved  a t  t he  Woods Hole 
Oceanographic I n s t i t u t i o n  and may be accessed th rough  Dr .  A1 b e r t  B rad ley .  
The phase comparator i s  c o n t r o l  l e d  by a s i n g l e  word which i s  sen t  
f rom the  a u t o p i l o t .  Th i s  8 b i t  word encodes t he  r e c e i v e r  channel 
s e l e c t i o n .  D e f a u l t  channel s e l e c t i o n s  can be ove r - r i dden  by  t h e  main cpu 
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I 
I ,  
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F i g u r e  4.5 Block Diagram of  t h e  M A I N  
Program f o r  t h e  Phase  Comparator P r o c e s s o r s  w i t h  
Emphasis on t h e  S t r u c t u r e  of  t h e  S t a t u s  Codes. 
Note t h a t  a l l  sys tem f a u l t s  g i v e s  r ise t o  s u c c e s s i v e  
a t t e m p t s  t o  make a n  a c c u r a t e  phase  d i f f e r e n c e  measure- 
ment; no e x p l i c i t  d e f a u l t  r o u t i n e  is r e q u i r e d  by a 
d a t a  s o u r c e  ( s e e  Motor b l o c k  diagram f o r  a n  example 
of  a d e f a u l t  r o u t i n e .  
v i a  SAIL passthrough f o r  t e s t i n g  purposes.  I f  no r e c e i v e r  channels  a r e  
s e l e c t e d  ( i e ,  t h e  c o n t r o l  word i s  " O O " ) ,  t hen  t h e  phase comparator  has no 
imminent t a s k  and w i l l  e n t e r  a  low power s l e e p  mode. S i m i l a r l y ,  i f  
i n v a l i d  r e c e i v e r  channels a r e  s e l e c t e d ,  a  s t a t u s  f l a g  i s  s e t  and t h e  
p rocessor  goes back t o  s leep .  Any s e r i a l  communications i n t e r r u p t  w i l l  
t e m p o r a r i l y  wake up t h e  p rocessor  b u t  i t  w i l l  s t a y  awake o n l y  i f  v a l i d  
r e c e i v e r  channels a r e  s e l e c t e d .  
When t e s t i n g  o t h e r  sub-systems, a l l  r e c e i v e r  channels a r e  t u r n e d  of f  
and t h e  p rocessor  i s  p u t  t o  s l e e p .  For t e s t i n g  t h e  motor  d r i v e r s ,  f o r  
example, phase d i f f e r e n c e  i n p u t s  a r e  generated s y n t h e t i c a l l y  by  s i m p l y  
down l o a d i n g  numbers i n t o  t h a t  RAM l o c a t i o n  r e s e r v e d  f o r  measured phase 
d i f f e r e n c e s .  
M o n i t o r i n g  t h e  v a l i d i t y  of t h e  phase measurements i s  done w i t h  t h e  
s t a t u s  word. The b l o c k  d iag ram o f  t h e  phase comparator  a l g o r i t h m  shows 
t h e  c o n d i t i o n s  under which s t a t u s  words a r e  generated.  I n  a d d i t i o n  t o  t h e  
g e n e r i c  s t a t u s  f l a g s  d i scussed  above, s e v e r a l  s t a t u s  words a r e  s p e c i f i c  
t o  t h e  phase comparators .  The f i r s t  i s  i f  t h e  r e c e i v e r  channel  i s  
i n v a l i d .  The second i s  i f  no s i g n a l  i s  p r e s e n t .  The t h i r d  i s  i f  t h e  
incoming f requency  i s  o u t  o f  band ( i e .  i n c o h e r e n t  n o i s e ) .  For  t e s t i n g  
purposes, t h e  s t a t u s  f l a g  can e i t h e r  be i g n o r e d  o r  o v e r w r i t t e n  when t h e  
module i s  q u e r i e d  by  an o p e r a t o r .  
I f ,  f o r  any reason,  a  bad s t a t u s  f l a g  i s  generated,  t h e  measurement 
i s  i gno red  and t h e  l o c a l  manager ( i n  t h i s  case t h e  a u t o p i l o t )  i s  a l e r t e d  
t h a t  a  m a l f u n c t i o n  e x i s t s  ( t h e  a u t o p i l o t  can choose t o  i g n o r e  t h i s  bad 
s t a t u s  f l a g ,  a  h e l p f u l  o p t i o n  when t e s t i n g ) .  
For v a l i d  measurements, t h e  raw phase measurement can t h e n  be 
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averaged ( t h e  number o f  measurements averaged i s  programmable b u t  t h e  
d e f a u l t  i s  32 t o  r ough l y  match the  t ime cons tan t  o f  the  phase l ocked  
l o o p ) .  Though the  capabi 1  i t y  t o  au tomat i ca l  l y  average t o  a  g i v e n  n o i s e  
l e v e l  cou ld  e a s i l y  be implemented, t h i s  has n o t  been done t o  da te .  
4 .7 .3  Phase I 1 0  r e l a t i o n s h i p .  
I n h e r e n t  i n  the  hydrophone, p r e a m p l i f i e r ,  and r e c e i v e r  c i r c u i t r y  a re  
phase s h i f t s  which may be f unc t i ons  o f  ampl i tude,  f requency,  f i l t e r  
ga in ,  and temperature.  The c r i t i c a l  r e l a t i o n s h i p  i s  n o t  the  phase i n  t o  
phase o u t  s h i f t  b u t  the  change i n  t h i s  s h i f t  over  the  o p e r a t i n g  range o f  
the  f i s h .  
Should a  change i n  t he  phase s h i f t  e x i s t ,  as l ong  as i t  i s  
c o n s i s t e n t  i n  a l l  channels, u s e f u l  i n f o rma t i on  can be d e r i v e d  f r om t h e  
phase comparator. F i gu re  4 . 6  shows t h i s  i n p u t  ou tpu t  r e l a t i o n s h i p .  Th i s  
r e l a t i o n s h i p  cou ld  change f r om channel t o  channel and w i l l  a lmost  
c e r t a i n l y  be unique t o  each f i s h .  Consequent ly,  a  t e s t  s i gna l  genera to r  
was designed t o  check and measure t h i s  r e l a t i o n s h i p .  Th is  t e s t  
genera to r ,  w h i l e  u s e f u l  i n  t h e  check o u t  of t he  p ro to t ype ,  may a1 so prove 
u s e f u l  o p e r a t i o n a l l y  as a  way t o  mon i t o r  l ong  term degrada t ion  o f  t he  
hydrophone l rece ive r  network.  
To b e t t e r  understand how t h e  measured phase d i f f e r e n c e  may change 
over  t he  o p e r a t i n g  range o f  t he  hydrophonel rece i  ve r  network,  assume t h a t  
the  major  c o n t r i b u t o r  t o  t h i s  phase s h i f t  i s  t he  two-pole RLC f i l t e r  i n  
t he  r e c e i v e r  p r e - a m p l i f i e r .  F i gu re  4.7 shows t he  i d e a l i z e d  amp l i t ude  and 
phase c h a r a c t e r i s t i c s  o f  severa l  two p o l e  f i l t e r s .  The temperature 
c o e f f i c e n t s  o f  t he  components i n  these f i l t e r s  can c o n t r i b u t e  t o  t h e  
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Figure 4.6 The ~nput/~utput Phase Difference Relationship for the 
Flying Fish Hydrophone-Preamplif ier-PLL Network: 
(1) Idealized; (2) As measured between Channels 1 & 2; 
(3) As measured between Channels 3 & 4. Data collected at 
room temperature with a 15,050 Hz Carrier. 
FREQUENCY 
FREQUENCY 
~ i ~ u r e 4 . 7  Amplitude and Phase  a s  a  Func t ion  of Frequency f o r  Three 
RLC F i l t e r s .  1 & 2 have t h e  same Q b u t  t h e i r  c e n t e r  
f r e q u e n c i e s  a r e  o f f s e t .  1 & 3 have t h e  same c e n t e r  
f requency  b u t  have d i f f e r e n t  Q .  
phase s h i f t  i f  (lithe two r e c e i v e r s  a re  no t  tuned t o  t h e  same cen te r  
frequency and ( 2 ) t h e  two r e c e i v e r s  do no t  have t he  same Q. For t h e  f i r s t  
case, t he  slopes o f  t he  phase VS frequency p l o t s  f o r  t he  two fi 1 t e r s  a r e ,  
t o  f i r s t  o rde r ,  p a r a l l e l .  Consequent ly,  i f  both r e c e i v e r s  a re  a t  t h e  
same temperature,  no n e t  change i n  t he  phase d i f f e r e n c e  w i l l  be 
measurable. The presense of temperature d i f f e r e n c e s  between two r e c e i  ve r  
channels w i  11 g i v e  r i s e  t o  a change i n  measured phase d i f f e r e n c e  b u t  i s  
cons idered a second o r d e r  e f f e c t .  I f  two RLC f i l t e r s  have d i f f e r e n t  Q, 
then the  sl.opes o f  t he  phase VS f requency p l o t s  a r e  n o t  p a r a l l e l  and t h e  
phase d i f f e r e n c e  i n  t o  measured phase d i f f e r e n c e  o u t  can vary  
d r a m a t i c a l l y  as a f u n c t i o n  of temperature and i n p u t  frequency. Thus, i t  
i s  impor tan t  t o  match t he  Q of a l l  f o u r  r e c e i v e r  f i l t e r s .  
4.8 THE MOTOR CONTROLLER 
4.8.1 Background. 
The one aspect o f  t he  f i s h  a t t i t u d e  c o n t r o l l e r  t h a t  was expected t o  
e x p l o i t  e x i s t i n g  commercial p roduc ts  w i t h  a minimum o f  m o d i f i c a t i o n  was 
t he  motor c o n t r o l  1 e r .  Several  companies manufacture motor d r i v e r s  t h a t  
a re  compat ib le  w i t h  t h e  4 p o l e  b rush less  DC motor se l ec ted  i n  S e c t i o n  
3.5.3 ( i n c l u d i n g  t he  manufacturer o f  t he  motor)  b u t  a l l  these des igns  
proved inadquate f o r  a number o f  reasons: 
-many motor d r i v e r s  a re  designed as r e t r o - f i  t s  f o r  brush t ype  motors 
w i t h  analog r e s o l v e r s  and tachometers.  To conve r t  these t o  d i g i t a l  
s i g n a l s  i s  u n a t t r a c t i v e  and consumes c i r c u i t  board space. 
-most motor d r i v e r s  a re  designed t o  handle a range o f  v o l t a g e s  and 
c u r r e n t s  t h a t  go we1 1 beyond those r e q u i r e d  i n  t h i s  a p p l i c a t i o n .  The 
r e s u l t i n g  commercial c i r c u i t s  a re  over-designed, heavy, and b u l k y .  
The approach taken i n  the  des ign  of the  motor d r i v e r s  used i n  t h e  
F l y i n g  F i s h  was t o  des ign t o  the  power requi rements  o f  the  10 w a t t  
motors.  The r e s u l t  i s  a  compact c i r c u i t  b u i l t  around a  microprocessor  
w i t h  a  minimum of a d d i t i o n a l  c i r c u i t r y .  Furthermore, no a d d i t i o n a l  
sensors a re  r e q u i r e d  t o  generate bo th  p o s i t i o n  and tachometer feedback. 
A unique program i n  t h e  motor c o n t r o l l e r  synthes izes i n t e g r a l  feedback t o  
e l i m i n a t e  steady s t a t e  e r r o r s .  A d e t a i l e d  d e s c r i p t i o n  o f  t h i s  des ign 
f o l  lows. 
4.8.2 An Overview of t he  Motor D r i v e r  Design i n  t h e  F l y i n g  F i sh .  
A b l o c k  diagram o f  t he  motor d r i v e r l c o n t r o l  l e r  module i s  shown i n  
F igure  4.8. To keep th rough  h u l l  pene t ra to r s  t o  a  minimum, t h e  d r i v e  
e l e c t r o n i c s  were p u t  i n  t he  o i l  f i l l e d  gear box. The Pulse-Width 
Modulated (PWM) o u t p u t  e l i m i n a t e d  t he  need f o r  a  d i g i t a l  t o  analog 
conver te r .  An a t tempt  was made t o  generate  t h e  i n d i v i d u a l  pu lses i n  
sof tware bu t  t he  c a r r i e r  f requency ( lower  1  i m i  t determined by mechanical 
c h a r a c t e r i s t i c s  o f  t he  motor,  upper 1  i m i  t determined by eddy losses i n  
the  core)  s p e c i f i e d  by t h e  motor manufacturers  was t o o  h i g h  (20 KHz) and 
some a d d i t i o n a l  c i r c u i t r y  was b u i l t  so t h a t  the  processor  o n l y  had t o  
c o n t r o l  t he  pu l se  w id th .  The H a l l  E f f e c t  r o t o r  p o s i t i o n  sensors,  i n  
a d d i t i o n  t o  commutating t h e  wind ings,  a re  f e d  back t o  the  p rocessor .  The 
o p t o - i n t e r r u p t o r  i s  an independent measure of t h e  cen te r  p o s i t i o n  o f  t h e  
c o n t r o l  surfaces. 
V e l o c i t y  
Feedback 
I 
D i r e c t i o n  
! Feedback 
i 
H a l l  E f f e c t  Sensor  S i g n a l s  
h P r e s s u r e  Housing Endcap 
1 .Shaf t  Alignment Logic  
2 & 3 .  H a l l  E f f e c t  Sensor  Feedback 
4 . P u l s e  Width Modulated Enable 
5 . D i r e c t i o n  Cont ro l  
F i g u r e  4.8 Diagram of M o t o r / C o n t r o l l e r  Sub-system (One of Three) i n  
t h e  F,lying F i s h .  
4.8.3 The Motor C o n t r o l l e r  as a  Servo Loop. 
4.8.3.1 P o s i t i o n  Feedback. On i n i t i a l i z a t i o n ,  t h e  o p t i c a l  i n t e r r u p t o r  i s  
used t o  c e n t e r  t h e  f i n s  i ndependen t l y  of  t h e  r e s t  of  t h e  motor  c o n t r o l l e r  
l o g i c .  Once t h e  f i n s  a r e  cen te red ,  t h i s  p o s i t i o n  i s  t h e  r e f e r e n c e  p o i n t  
f r o m  which a1 1  o t h e r  c o n t r o l  s u r f a c e  d e f l e c t i o n s  a r e  measured. The two 
Hal 1  E f f e c t  sensor o u t p u t s  used t o  commutate t h e  w ind ings  a r e  f e d  back t o  
t h e  motor  c o n t r o l  l e r .  The two sensor s i g n a l s  a r e  i n  quadra tu re .  One 
sensor o u t p u t  i s  used t o  genera te  a  t i m e r  i n t e r r u p t  wh ich e i t h e r  
increments  o r  decrements t h e  p o s i t i o n  c o u n t e r  depending on whether t h e  
o t h e r  sensor i n p u t  i s  h i g h  o r  low (see F i g u r e  4.8) .  The p o s i t i o n  e r r o r  
i s  measured by t h e  d i f f e r e n c e  between t h e  s e t  p o i n t  and t h e  p o s i t i o n  
coun te r .  The c o n t r o l  l o o p  g a i n s  a r e  programmable and can be changed 
w i t h o u t  open ing  t h e  hous ing  by u s i n g  SAIL passthrough ( B r a d l e y  and T e r r y ,  
1983). 
4.8.3.2 Tachometer Feedback. I n  a d d i t i o n  t o  s i m p l y  c o u n t i n g  t h e  p u l s e s  
generated by t h e  H a l l  E f f e c t  sensors,  t h e  t i m e r  i n p u t  o n  t h e  cpu can be 
used t o  measure t h e  p u l s e  w i d t h ,  which i s  a measure o f  t h e  o u t p u t  s h a f t  
r o t a t i o n  speed. T h i s  i n f o r m a t i o n  can be used t o  a r t i f i c i a l l y  dampen t h e  
dynamic response of t h e  moto r .  For t h e  F l y i n g  F i s h ,  t h e  p a r a s i t i c  d rag  
generated by hav ing  t h e  motor  r u n  i n  o i  1  i s  a  s u f f i c i e n t  damper and 
tachometer feedback was never  imp1 emented. 
4.8.3.3 I n t e g r a l  Feedback c o u l d  be implemented by h a v i n g  a  r e g i s t e r  which 
sums t h e  p o s i t i o n  e r r o r  b u t  t h e  a c t u a l  imp lementa t ion  o f  t h i s  was v e r y  
cumbersome. I n s t e a d ,  r a t h e r  t h a n  penal  i z e  t h e  accumu la t ion  o f  e r r o r ,  a  
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t i m e r  was the basis  f o r  inc reas ing  the  d r i v e  t o  the  motors. Th is  t imer  
i s  running whenever any e r r o r  between s e t  p o i n t  and ac tua l  p o s i t i o n  
e x i s t s  and i s  rese t  when the e r r o r  i s  zero. As a  consequence, a l l  e r r o r s  
a re  weighted equa l ly  i n  time. The r e s u l t  of t h i s  approach i s  t h a t  l a r g e  
excursions tend t o  cause some overshoot. This  tendency was deemed 
accept ib le.  
4.8.3.4 A L inear  Model o f  Motor Dynamics. 
The pr imary purpose of us ing  c losed loop p o s i t i o n  c o n t r o l  o f  t h e  
c o n t r o l  surface i s  the a b i l i t y  t o  handle pe r tu rba t i ons  and e r r o r s  i n  
model1 i n g  t h e  motor dynamics. The model used t o  p r e d i c t  t h e  dynamic 
response o f  t he  motor/actuator/servo l oop  i s  shown i n  F i g u r e  4.9 ( a f t e r  
Ogata). I f  one ignores the  winding inducance ( i n  t h i s  case the  
e l e c t r i c a l  t ime constant  i s  1~  o f  t h e  mechanical t ime constant  so t h i s  
s i m p l i f i c a t i o n  i n  t h e  model i s  v a l i d ) ,  t h e  t r a n s f e r  f u n c t i o n  between 
i n p u t  vo l tage and output  p o s i t i o n  i s  g iven by Equat ion 4.1. 
where KM H I 
-'% 
R a  i s  t h e  winding res i s tance  
Kb i s  the back emf constant  
KT i s  the motor to rque cons tant  
F o r  Pi t tman motor P/N 31 12-76T33, KM = 29.4 rad /sec /vo l t  
TM = -112 seconds 
Because o f  t h e  l a r g e  gear  t r a i n ,  t h e  l o a d  i n e r t i a  and f r i c t i o n  can be 
neg lec ted .  For t h e  motor chosen ( P i t t m a n  p l n  3112-76T33; see S e c t i o n  3 .5 .3  on 
motor  s e l e c t i o n )  , t h e  c l o s e d  l o o p  p o s i t i o n  s e r v o  t r a n s f e r  f u n c t i o n ,  
c h a r a c t e r i  s t i  c  equa t ion ,  t h e  r o o t  l ocus  f o r  severa l  p r o p o r t i o n a l  feedback ga i  n  
c o n s t a n t s  a r e  shown i n  F i g u r e  4.10. F i g u r e  4.9 shows t h e  i d e a l i z e d  l i n e a r  
model . 
I n  a d d i t i o n  t o  t h e  unknown and unmodelled e f f e c t s  o f  n o n - l i n e a r  mo to r  
c h a r a c t e r i s t i c s  and f r i c t i o n ,  a r e  t h e  known b u t  unmodel led p a r a b o l i c  l o a d i n g  
c h a r a c t e r i s ' t i c s  of  t h e  c o n t r o l  surface as a  f u n c t i o n  o f  d e f l e c t i o n .  T h i s  
known q u a n t i t y  c o u l d  be i n c l u d e d  i n  t h e  model o f  t h e  motor  dynamics or c o u l d  
be l e f t  as an unmodel led p e r t u r b a t i o n  i n  t h e  c o n t r o l  l o o p .  Because o f  t h e  
1 0 : l  s a f e t y  f a c t o r  between expected h inge  moments and maximum a c t u a t o r  o u t p u t  
to rque ,  t h e  wing l o a d i n g  was l e f t  unmodel led as a  p e r t u r b a t i o n  t o  t h e  c o n t r o l  
l oop .  T h i s  v a r y i n g  load ,  when model led as f l a p  d e f l e c t i o n  dependent f r i c t i o n ,  
n e c e s s i t a t e s  t h e  i n c l u s i o n  o f  some f o r m  o f  i n t e g r a l  feedback. 
4.8.4 The Motor C o n t r o l l e r  as a  Smart Module. 
4.8.4.1 t h e  Hardware. 
Here aga in ,  t h e  un ique  c h a r a c t e r i s t i c s  o f  t h e  H i t a c h i  6301 have been 
e x p l o i t e d  t o  make a  minimum p a r t s  motor d r i v e r  s e r v o  l o o p  sub-assembly w i t h  a  
s imp le  s e r i a l  i n t e r f a c e  t o  connec t  i t  t o  t h e  r e s t  o f  t h e  a u t o p i l o t  
sub-system. Because of t h e  un ique  i n t e r n a l  communications p r o t o c o l ,  t h e  g a i n  
cons tan ts  o f  t h e  p r o p o r t i o n a l ,  tachometer ,  and i n t e g r a l  feedback loops  can be 
manipu la ted w i t h o u t  open ing  t h e  p r e s s u r e  housing.  The motor  d r i v e r  modules 
can be i n d i v i d u a l l y  t u r n e d  on o r  o f f  and e x e r c i s e d  by  t e s t  r o u t i n e s  i n  t h e  
deck computer. 
Figure 4.9 Motor Model ( a f t e r  Ogata, 1970) 
2 CHARACTERISTIC EQUATION: S + 83s  + 2500K = 0 
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F i g u r e  4 . 1 0  (=)Root Locus of Motors Used i n  t h e  F l y i n g  F i s h  
(b)Closed Loop Model of t h e  Motors. 
(c)The L i m i t a t i o n s  of a L i n e a r  Model i n  a Slew Rate  Limited 
Actua to r .  
I n  a d d i t i o n  t o  t h e  H a l l  E f f e c t  sensor feedback, t h e  o n l y  o t h e r  
c o n n e c t i o n s  between motor  c o n t r o l l e r  and motor d r i v e r  a r e  t h e  d i r e c t i o n  
c o n t r o l  and the  PWM d r i v e  c o n t r o l .  I f  a l l  t h r e e  motors  share common power and 
ground, t h e  number of th rough  h u l l  p e n e t r a t o r s  i s  15 ( i f  one a l s o  i n c l u d e s  t h e  
p i n g e r  and o p t o - i n t e r r u p t o r s ,  t h e  number o f  w i r e s  i n c r e a s e s  t o  2 4 ) .  
4.8.4.2 The Sof tware.  
The main a t t r a c t i o n  of  a  p rocessor  based motor  c o n t r o l l e r  i s  t h a t  t h e  
v a r i o u s  g a i n  cons tan ts  a r e  programmable. F i g u r e  4.11 i s  t h e  b l o c k  d iagram o f  
t h e  motor  c o n t r o l l e r  a l g o r i t h m  ( w i t h  t i m e r  i n t e r r u p t  r o u t i n e ) .  The d e t a i l e d  
b l o c k  diagrams and assembly programs a r e  a r c h i v e d  a t  Woods Ho le .  
On power up t h e  p rocessor  goes i n t o  a  low power s tandby  mode. When t h e  
c o r r e c t  i n i t i a l i z a t i o n  command i s  g i v e n  by  t h e  a u t o p i l o t  cpu, t h e  moto r  
c o n t r o l l e r s  use t h e  o p t i c a l  i n t e r r u p t o r s  t o  c e n t e r  t h e i r  f i n s .  T h i s  c e n t e r  
p o s i t i o n  i s  used as a r e f e r e n c e  p o i n t .  The motor  c o n t r o l l e r  a t t e m p t s  t o  
m in im ize  t h e  p o s i t i o n  e r r o r  as measured by t h e  d i f f e r e n c e  between p r e s e n t  f i n  
p o s i t i o n  and s e t  p o i n t s  genera ted  by  t h e  a u t o p i l o t .  The s a f e t y  c o u n t e r  and 
t i m e o u t  coun te r  a r e  used t o  i n s u r e  t h a t  (1 )no  breakdown i n  i n t e r p r o c e s s o r  
communication has occured  and ( 2 )  t h a t  t h e  motor  i s  o p e r a t i n g  c o r r e c t l y .  I f  a  
bad s t a t u s  f l a g  i s  generated,  t h e  moto r  c o n t r o l l e r  d e f a u l t s  t o  t h e  s t r a i g h t  up 
c o n d i t i o n .  The s t a t u s  check can be i g n o r e d  when t e s t  r o u t i n e s  a r e  employed. 
4.9 THE AUTOPILOT 
4.9.1 Sub-system o v e r v i e w .  
The main purpose o f  t h e  a u t o p i l o t  i s  t o  c o o r d i n a t e  t h e  a c t i v i t i e s  o f  t h e  
phase comparators and t h e  motor c o n t r o l l e r s .  A s imp le  model o f  f i s h  dynamics 
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Figure  4 -  l l a  Main Motor C o n t r o l l e r  Program. 
Notes: 1 Compare O p t i c a l  I n t e r r u p t o r  T r a n s i t i o n  wi th  
Expected P o s i t i o n  ( n o t  used a t  p r e s e n t )  
2 S a f e t y  Counter  is Rese t  when Motor C o n t r o l l e r  
is a d d r e s s e d  by t h e  A u t o p i l o t ,  a n  I n d i c a t i o n  
t h a t  no Communication Breakdown h a s  T r a n s p i r e d .  
3 When f i n s  a r e  c e n t e r e d  a f t e r  SLEEP, t h e  O p t i c a l  
I n t e r r u p t o r s  are u s e d ,  o t h e r w i s e  t h e  f i n s  a r e  
c e n t e r e d  u s i n g  t h e  p o s i t i o n  c o u n t e r  
4 The i n p u t s  t o  t h e  PID a l g o r i t h m  a r e  g e n e r a t e d  by 
t h e  TIMER INPUT CAPTURE and t h e  TIMER OVERFLOW 
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F i g u r e  4.11b B l o c k  Diagram o f  TIHER INPUT CAPTURE and TIMER OVERFLOW 
I n t e r r u p t s  f o r  t h e  C l o s e d  Loop M o t o r  C o n t r o l l e r  
Note :  1 s a f e t y  c o u n t e r  reset when m o t o r  c o n t r o l l e r  
i s  c o r r e c t l y  a d d r e s s e d  by the A u t o p i l o t .  
i s  i n c l u d e d  and t h e  g a i n s  i n  t h i s  model a r e  programmable. The model o f  t h e  
f i s h  (d i scussed  i n  d e t a i l  i n  s e c t i o n  5.4) i s  s e v e r e l y  damped b u t  t h e  ga ins  
can be changed t o  o p t i m i s e  t h e  f i s h  response. 
A  b l o c k  d iagram o f  t h e  a u t o p i l o t  i s  shown i n  F i g u r e  4 .12 .  The two UARTs 
a l l o w  t h e  SAIL pass th rough  mode t o  enab le  h i g h e r  l e v e l  c o n t r o l l e r s  t o  m o n i t o r  
and t e s t  t h e  i n d i v i d u a l  sub systems. Note t h a t  t h e  a u t o p i l o t  i s  n o t  concerned 
w i t h  t h e  d e t a i l s  o f  t h e  phase measurements o r  the  motor  c o n t r o l  ( i e .  i t  i s  
unaware o f  t h e  a c t u a l  t i m e  v a r y i n g  p o s i t i o n  of  t h e  c o n t r o l  s u r f a c e ) .  The 
a u t o p i  l o t  program c o n t a i n s  a  s imp le  model of t h e  f i s h  dynamics. 
The a u t o p i l o t  cpu i s  o n l y  concerned w i t h  (1)  t h e  averaged phase 
d i f f e r e n c e s ;  (2 )  t h e  motor  s e t  p o i n t s ;  and ( 3 )  t h e  s t a t u s  o f  each s l a v e  
module. I f  a l l  f i v e  s l a v e  s t a t u s  va lues  a r e  v a l i d ,  normal o p e r a t i o n  ensues. 
I f  any s i n g l e  s t a t u s  v a l u e  d e f a u l t s ,  a d e f a u l t  mode i s  engaged u n t i l  t h e  s l a v e  
s t a t u s  va lue  becomes v a l i d  aga in .  
The acce le romete r  and r a t e  g y r o  i n p u t s ,  i n  a d d i t i o n  t o  b e i n g  p a r t  o f  t h e  
c o n t r o l  a l g o r i  thm, a r e  o f  e n g i n e e r i n g  v a l u e  i n  t h e  e v a l u a t i o n  o f  f i s h  
performance. Severa l  methods o f  s t o r i n g  t h i s  d a t a  e x i s t  and were d i scussed  i n  
S e c t i o n  4.2.3. 
4 . 9 . 2  The Hardware. 
I n  a d d i t i o n  to  t h e  two UARTs used t o  implement t h e  h i e r a r c h i c a l  SAIL 
s t r u c t u r e ,  a  10 b i t  AID i s  used t o  d i g i t i z e  t h e  acce le romete r  and r a t e  g y r o  
i n p u t s .  A d d i t i o n a l  AID i n p u t s  a r e  used t o  measure system v o l t a g e s  and 
sub-system c u r r e n t  d r a i n  as an a i d  t o  f a u l t  i s o l a t i o n .  The a u t o p i l o t  cpu a l s o  
has c o n t r o l  o v e r  t h e  power up o f  t h e  acce lerometers ;  t h e  r a t e  g y r o ,  t h e  phase 
d e t e c t o r s ,  and t h e  motor d r i v e r s .  The s l a v e  p rocessors  can a l s o  be r e s e t  by 
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Figure 4.12 The Autopilot Sub-system is comprised of two phase 
comparators (one for each axis), three motor controllers 
(one for each axis and one for differential motion to 
eliminate spin), and one processor to coordinate data 
flow both within the sub-system and between this sub-system 
and the main CPU. All six processors are synchronized 
using a single crystal. An on-board AID digitizes the 
signa1.s generated by the accelerometers and the rate gyro 
and measures sub-system voltages and currents. 
the  a u t o p i l o t .  
4.9.3 The Sof tware.  
The A u t o p i l o t  c o n t r o l  word i s  an 8 b i t  word d e f i n e d  i n  Table 4.3. B i t s  
5, 6, and 7 o f  t he  c o n t r o l  word determine which o f  t h e  a u x i l i a r y  components 
a re  powered up. B i t s  0, 1, and 2 determine the  o p e r a t i n g  mode o f  t h e  
a u t o p i l o t .  If b i t  0  i s  se t ,  t he  a u t o p i l o t  shuts down t h e  s lave  p rocessors  and 
then goes i n t o  a  low power standby mode. I f  b i t  1  i s  s e t ,  t h e  normal homing 
c o n t r o l  l oop  i s  executed. If b i t  2 i s  se t ,  o n l y  t he  AID i s  exe rc i sed .  S ince 
t he  A/D can be con f i gu red  as a  DVM, t h i s  l a s t  o p e r a t i n g  mode can be used t o  
mon i to r  system vo l tages  and c u r r e n t  d r a i n s  d u r i n g  t he  f a u l  t i so l  a t i o n  
process. F i gu re  4.13 i s  a  b l o c k  diagram o f  t he  r e s i d e n t  A u t o p i l o t  program. 
4.10 RECOVERY AIDS 
4.10.1 The P inger  
The p i  nger module i s another  microprocessor  based sub-system which can 
- t r i g g e r  a  change i n  t he  p i n g  r a t e  t o  a l e r t  t he  surface o f  a  ma jo r  change 
i n  s t a tus  (eg. d i v e  a b o r t  o r  b a l l a s t  d rop)  
-drop t he  b a l l a s t  we igh t  independent l y  o f  t he  main we igh t  r e l e a s e  
c i r c u i t r y  (an e l e c t r i c a l l y  ORed system). 
The p i n g  r a t e  i s  programmable and c o n s t i t u t e s  t he  o n l y  communication 
between the  f i s h  and t he  surface s h i p  d u r i n g  deployment. The p i n g e r  a l l ows  
t he  sh ip  t o  keep t r a c k  o f  t he  range and bea r i ng  t o  t h e  f i s h  d u r i n g  
deployment. Spec ia l  p i n g  sequences s i g n i f y  b a l l a s t  r e l e a s e  and l o s s  o f  l o c k  
on the  homing beacon. I f  communication between t h e  p i n g e r  p rocessor  and t h e  
main cpu breaks down, t he  d e f a u l t  c o n d i t i o n  i s  t o  a b o r t  t h e  d i v e .  I n  
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Figure 4 . 1 3 .  Block Diagram of Autopilot Program. 
Notes: 1 Motor Set Point Generated from Previous Bearing Input 
2 Safety Counter is Reset when Autopilot is Addressed 
by the Main CPU. 
a d d i t i o n ,  i f  any o f  the subord inate processors  should g i v e  a  bad s t a t u s  b y t e ,  
the  d i v e  may be abor ted  ( i e .  t h e  main cpu drops the  b a l l a s t  weight ,  i n s t r u c t s  
a  change i n  t he  p i n g  r a t e ,  and at tempts  t o  home). 
4.10.2 The S t robe  L i g h t s .  
Two s t r obe  l i g h t s  a re  f a i r e d  i n t o  t h e  forebody of  t he  f i s h  t o  i nc rease  
v i s i b i l i t y  a t  n i g h t  once t he  f i s h  i s  on t he  surface. They a re  he ld  o f f  by two 
l o g i c a l  s i g n a l s  f r om  the  main cpu which i s  programmed t o  t u r n  them on and o f f  
as a  f u n c t i o n  o f  depth.  
4.11 BATTERY SELECTION 
Under normal o p e r a t i n g  c o n d i t i o n s  t he  f i  sh i s  n o t  opened. A f o u r  
conductor cab le  dumps da ta  and recharges t he  b a t t e r i e s .  By d e f i n i t i o n ,  t h i s  
prec ludes t he  use of p r imary  c e l l s .  M i ss i on  d u r a t i o n  i s  r ough l y  30 minu tes .  
O f  t h i s ,  t he  e lect romagnet  o n l y  operates d u r i n g  decent and t he  t h ree  motors  
opera te  o n l y  d u r i n g  ascent .  The t o t a l  power consumption i s  c l o s e l y  t i e d  t o  
the  c o n t r o l  e f f o r t  exe r t ed  by t he  motors.  A t  wors t  case, t he  t o t a l  power 
consumption i s  10 Watt-hours per  d i v e .  
A 100-Watt-hour b a t t e r y  pack made up o f  rechargeab le  l ead  a c i d  D  c e l l s  
was used i n  t h e  p ro to t ype .  Though a  conse rva t i ve  cho i ce  f r om the  energy per  
pound o r  energy pe r  volume c r i t e r i o n ,  t hey  a re  s imp le ,  inexpens ive,  r e l i a b l e  
b a t t e r i e s  w i t h  a  l o n g  s h e l f  l i f e ,  low i n t e r n a l  impedance, and good low 
temperature c h a r a c t e r i s t i c s .  The p o t e n t i a l  f o r  hydrogen ou tgass ing  d u r i n g  
b a t t e r y  re-charge was addressed w i t h  a  purge p l u g  used t o  c i r c u l a t e  d r y  a i r  
around the  e l e c t r o n i c s  when t he  f i s h  i s  on deck. ~ u r i n g  t r a n s p o r t a t i o n ,  w i t h  
a l l  pe r i phe ra l  dev ices shu t  o f f  t o  min imize qu iescen t  power d r a i n ,  t h e  
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instrument can continue t o  keep a rea l  t i m e  clock and monitor i t s  s tatus f o r  
months. 
5.  VEHICLE DYNAMICS AND CONTROL 
5.1 THE COMPLEXITY OF THE MATHEMATICAL MODEL. 
Modern ins t rument  des ign i nco rpo ra tes  se rvo  loop  techno logy  on many 
l e v e l s .  I n  the  F l y i n g  F ish ,  f o r  example, one can desc r i be  t he  l o c a l  
feedback around each o p e r a t i o n a l  a m p l i f i e r  i n  a c i r c u i t  i n  terms o f  se rvo  
loop  vocabulary .  On a l a r g e r  sca le ,  sub-systems such as the  t r a c k i n g  
r e c e i v e r  o r  t he  motor c o n t r o l l e r  can be descr ibed  i n  a s i m i l a r  manner. 
And o f  course the  e n t i r e  F i s h  a t t i t u d e  i s  servoed so t h a t  a z e r o  phase 
d i f f e r e n c e  i s  measured between t h e  hydrophones w i t h i n  t h e  a r r a y .  The 
degree t o  which these servo loops i n t e r a c t  determines t he  comp lex i t y  o f  
the  model used t o  p r e d i c t  v e h i c l e  performance. The degree of i n t e r a c t i o n  
can be es t imated  by de te rm in i ng  t he  c h a r a c t e r i s t i c  t ime  cons tan ts  o f  each 
l e v e l  w i t h i n  t he  se rvo  l oop  h e i r a r c h y .  Fac to rs  o f  10 p r o v i d e  a p r a c t i c a l  
boundary. 
5.2 THE CHARACTERISTIC TIME CONSTANT OF THE TRACKING RECEIVER. 
The response c h a r a c t e r i s t i c s  o f  t he  t r a c k i n g  r e c e i v e r  a re  s e t  by  the  
bandwidth o f  t he  Phase Locked Loop (PLL). As d iscussed i n  S e c t i o n  2 .7 ,  a 
smal l  bandwidth g i ves  h i ghe r  s i g n a l  t o  no ise  r a t i o s .  The lower  1 i m i  t on 
t he  bandwidth i s  s e t  by t h e  cap tu re  c h a r a c t e r i s t i c s  of t h e  PLL. T h i s  
l i m i t  r e s u l t e d  i n  a t r a c k i n g  r e c e i v e r  bandwidth o f  10 Hz . ( ie .  a 
c h a r a c t e r i s t i c  t ime  cons tan t  o f  0.1 second. 
5.3 THE CHARACTERISTIC TIME CONSTANT OF THE SERVO MOTOR. 
The c o n t r o l  su r f ace  ac tua to r  i s  s lew r a t e  1 i m i  t e d  and does n o t  l end  
i t s e l f  t o  l i n e a r  model ing.  An upper bound on t he  performance o f  t h e  
ac tua to r  i s  g i ven  by t he  l i n e a r  model of the  moto r lgear  t r a i n  as 
descr ibed i n  Sec t ion  4.8.3. By i n c l u d i n g  the  gear t r a i n  and l i m i t i n g  t h e  
ac tua to r  d e f l e c t i o n  t o  + / - I 5  degrees, a response t ime of  o r d e r  1 second 
was es t imated .  For l a r g e  excurs ions of  t h e  c o n t r o l  f l a p ,  t h e  motor d r i v e  
i s  sa tu ra ted  and t h i s  l i n e a r  es t imate  i s  no longer  v a l i d .  I n  t h i s  case, 
a degraded response t ime  o f  o rde r  2 seconds may rep resen t  t h e  motor 
dynamics more a c c u r a t e l y .  
5 . 4  THE CHARACTERISTIC TIME CONSTANT OF THE FISH I N  RESPONSE TO RUDDER 
DEFLECTIONS. 
5.4.1 D e r i v i n g  The Equat ions o f  Mot ion.  
The F l y i n g  F i s h  can be model led as a r i g i d  body moving th rough  an 
i n f i n i t e  f l u i d .  The v e h i c l e  dynamics i n c l u d e  s i x  degrees o f  freedom 
(corresponding t o  t h r e e  l i n e a r  and t h r e e  angular  v e l o c i t i e s ) ;  body 
geometry, mass d i s t r i b u t i o n  w i t h i n  t h e  body, and f l u i d  p r o p e r t i e s  a re  
assumed t o  be the  o n l y  v a r i a b l e s  o f  importance. The e f f e c t s  o f  
c a v i t a t i o n ,  surface t ens ion ,  g r a v i t y  waves, separa t ion ,  and C o r i o l i s  and 
c e n t r i f u g a l  forces a r e  neg lec ted .  For a stream1 i ned  f r e e - f a 1  1 body a t  
t e rm ina l  v e l o c i t y  w i t h  min imal  maneuvering requi rements ,  l i n e a r i z a t i o n  o f  
t h e  equat ions of mot ion  about s teady s t r a i g h t  ahead mot ion  i s  a 
reasonable assumption (Abkowi tz ,  1969). Th i s  r e s u l t s  i n  6 (one f o r  each 
degree o f  freedom) f i r s t  o r d e r  l i n e a r  cross-coupled d i f f e r e n t i a l  
equat ions.  For t he  case o f  an ax isymmetr ic  body, many of  t h e  
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c ross -coup l ing  terms a re  ze ro  and some of the d i f f e r e n t i a l  equat ions can 
be decoupled. I f  the  cen te r  o f  g r a v i t y  of the  f i s h  i s  assumed t o  be on 
t he  a x i s  o f  symmetry, t he  equat ions d e s c r i b i n g  p i t c h  and yaw mot ion a r e  
i d e n t i c a l .  F u r t h e r ,  r o l l  can be t r e a t e d  as a  separate  s i n g l e  degree of  
freedom system which i s  n o t  c r i t i c a l  t o  d i r e c t i o n a l  s t a b i l i t y .  
For mot ion  i n  the  X-Y p lane (and by symmetry i n  t h e  X-Z p lane)  and 
no r o l l ,  t he  equa t ions  of  mot ion  reduce t o  those i n c l u d i n g  drag, 1  i ft, 
and p i t c h .  For s t reaml ined  bodies,  smal l  changes i n  angle  o f  a t t a c k  have 
a  n e g l i g i  b1.e e f f e c t  on t he  drag (Abkowitz, l969; Abbo t t  and von Doenhoff ,  
1959>, r educ ing  t he  equat ions o f  mot ion t o  a  system o f  two f i r s t  o r d e r  
l i n e a r  d i f f e r e n t i a l  equat ions r e l a t i n g  1  i f t  and p i t c h  (see Equat ion 5 .1 ) .  
5.4.2 Eva lua t i ng  t he  C o e f f i c i e n t s  i n  t h e  Equat ions o f  Mot ion.  
Numerical va lues o f  t h e  c o e f f i c i e n t s  a re  needed t o  q u a n t i f y  v e h i c l e  
response c h a r a c t e r i s t i c s .  Because adequate f a c i l i t i e s  were no t  a v a i l a b l e  
f o r  model t e s t s ,  e x i s t i n g  t h e o r e t i c a l  and e m p i r i c a l  methods, developed 
f o r  a i r s h i p s ,  torpedoes, and m i s s i l e s ,  were e x p l o i t e d  and compared w i t h  
the  performance o f  a  f u l l  sca le  p r o t o t y p e  whose des ign was based on 
c a l c u l a t e d  v a l  ues . 
The d imension less c o e f f i c i e n t s  f o r  e l l i p s o i d s  moving through an 
i n v i c i d  f l u i d  were f i r s t  d e r i v e d  by Lamb (Lamb, 1932). Because o f  t h e  
i n v i c i d  assumption, the  d e r i v a t i o n  does n o t  p r e d i c t  drag 
c h a r a c t e r i s t i c s .  Never the less,  a  good f i r s t  approx imat ion  o f  t he  
p i t c h i n g  moment can be c a l c u l a t e d .  For t he  spec ia l  case o f  an e l l i p s o i d ,  
the  t h ree  p lanes o f  symmetry e l  i m i  na te  a1 1 cross-coup1 i n g  terms i n  t h e  
equat ions o f  mot ion  and o n l y  t h r e e  un ique q u a n t i t i e s  a re  needed t o  
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es t imate  the  v e h i c l e  mot ion.  F i gu re  5.1 shows these q u a n t i t i e s  as a  
f u n c t i o n  o f  v a r y i n g  l e n g t h  t o  d iameter  r a t i o .  The e r r o r s  i n t r oduced  i n t o  
t h e  d iagonal  terms i n  t h e  m a t r i x  d e s c r i b i n g  t he  equa t ions  o f  mot ion  by 
mode l l i ng  any ax isymmetr ic  s t r eam l i ned  shape by an e l l i p s o i d  w i t h  t he  
same LID i s  e a s i l y  outweighed by t h e  r e s u l t i n g  s i m p l i f i c a t i o n  i n  t h e  
mathematical  model o f  t h e  v e h i c l e  (Abkowitz,  1969). However, a d d i t i o n a l  
o f f  d iagonal  terms, which a r i s e  from fore-af t  asymmetry, and which a re  
n o t  adequately descr ibed  by Lamb, must be i nc l uded  i n  t h e  equa t ions  o f  
mot ion.  The need t o  i n t r oduce  f o r e - a f t  asymmetry i s  a  p r a c t i c a l  r e s u l t  
o f  the  f o l l o w i n g  two cons ide ra t i ons :  
1.Drag. Separa t ion  a r i s i n g  f r o m  t h e  i n a b i l i t y  o f  t h e  boundary l a y e r  
t o  overcome an adverse p ressure  g r a d i e n t  over  t h e  a f t  s e c t i o n  o f  t h e  body 
can d r a m a t i c a l l y  i nc rease  t he  f o r m  drag.  Th is  f o rm  d rag  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  the  shape o f  the  f o r e  body bu t  i s  a  s t r o n g  f u n c t i o n  o f  t h e  
a f t e rbody  taper  r a t i o  (L ID  of t he  body a f t  of t he  maximum d iame te r ) .  For 
a  g iven  body l e n g t h  and maximum d iameter ,  the drag c h a r a c t e r i s t i c s  can be 
op t im i zed  by moving t he  maximum d iamete r  fo rward  o f  t h e  mid-chord.  
2 . S t a b i l i t y .  A ba re  s t r eam l i ned  h u l l  i s  i n h e r e n t l y  u n s t a b l e .  The 
a d d i t i o n  o f  l i f t i n g  su r faces  a f t  o f  t h e  cen te r  o f  g r a v i t y  i s  e s s e n t i a l  i f  
s t a b l e  f l i g h t  i s  t o  be guaranteed. S i z i n g  the  s t a b i l i z i n g  f i n s  i s  
d iscussed i n  d e t a i l  i n  Sec t i on  2.3.2. 
The r e s u l t  o f  moving t he  maximum d iameter  f o rwa rd  and add ing  
s t a b i l i z i n g  f i n s  i n  t he  s t e r n  i n t r o d u c e s  severa l  o f f - d i a g o n a l  e lements 
i n t o  the  m a t r i x  o f  c o e f f i c i e n t s  t h a t  desc r ibe  t h e  equa t ions  of  mot ion .  
Note t h a t  i n  t he  genera l  case, these  c o e f f i c i e n t s  a re  t ime  v a r y i n g .  For 
t h e  purposes o f  t h i s  work, the  manuevering i s  minimal and cons tan t  
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c o e f f i c i e n t s  a re  assumed. 
Landweber's e m p i r i c a l l y  d e r i v e d  v e l o c i t y  d e r i v a t i v e s  (see Table 5 .1  > 
and Abkowi t z '  d e r i v a t i o n  of the  a c c e l e r a t i o n  d e r i v a t i v e s  formed the  bas i  s 
o f  e s t i m a t i n g  the  o f f - d i agona l  elements i n  t he  equa t ions  o f  mot ion.  
Equat ion 5.1 shows t he  coupled p i  t c h l l  i f t  r e l a t i o n s h i p .  For t h e  
F l y i n g  F ish ,  t he  two r o o t s  of t h i s  1 i n e a r  system of equa t ions  a re  -18 and 
-2.2. Both r o o t s  a re  r e a l  and separated by approx imate ly  an o r d e r  of 
magnitude. Thus, t he  f i s h  dynamics s i m p l i f i e s  f u r t h e r  t o  two f i r s t  o r d e r  
systems where t he  f a s t e r  t ime  cons tan t  corresponds t o  p i t c h  and t he  
slower t ime cons tan t  corresponds t o  1 i f t .  The p o s i t i o n  o f  t h e  po le  
cor responding t o  p i t c h  dynamics i s  governed by t h e  r a t i o  o f  t he  bare h u l l  
u p s e t t i n g  moment t o  t h e  s t a b i l i z i n g  moment generated by t h e  f i n s .  I f  the  
s t a b i l i z i n g  f i n s  a re  made sma l le r ,  t he  po le  moves toward t h e  r i g h t  h a l f  
p lane  and t he  v e h i c l e  responds q u i c k l y  t o  changes i n  rudder  ang le .  If 
the  f i n s  a re  made l a r g e r ,  the  response becomes more s l ugg i sh .  
5.4.3 The E f f e c t  o f  Motor Dynamics on the  Closed Loop Con t ro l  o f  P i t c h .  
The F l y i n g  F i s h  i s  servoed to a s p e c i f i c  heading r e l a t i v e  t o  an 
incoming a c o u s t i c  p lane  wave. Consequently, p i t c h  i s  the  dynamic 
response o f  i n t e r e s t .  The c h a r a c t e r i s t i c  t ime cons tan t  o f  t h e  p i t c h  
dynamics i s  o f  o r d e r  0.5 seconds. U n f o r t u n a t e l y ,  t h i s  t ime cons tan t  i s  
of t h e  same o r d e r  as t h a t  which descr ibes  the  moto r -ac tua to r  dynamics. 
Thus, t h e  motor dynamics must be i nc l uded  i n  any a n a l y s i s  o f  t he  v e h i c l e  
response t o  p e r t u r b a t i o n s  i n  des i r ed  heading. The model used i n  t h i s  
s tudy  i s  shown i n  F i gu re  5.2. 
The s e t  p o i n t  can e i t h e r  be z e r o  ( i n  which case t h e  t r a j e c t o r y  i s  a 
Equation 5.1 Coupled Pitch and Lift Equations for an 
axisymmetric shape, linearized about steady 
straight ahead motion (after Abkowitz). 

non-optimum l o g a r i t h m i c  s p i r a l  as descr ibed  i n  Sec t i on  2 .5 )  o r  some v a l u e  
determined by an a d d i t i o n a l  c o n t r o l  l oop  t h a t  i s  measur ing the  l o c a l  
v e r t i c a l  ( i n  which case t h e  t r a j e c t o r y  i s  a  s t r a i g h t  l i n e  toward t h e  
homing beacon. The g a i n  o f  t h e  hydrophone a r r a y  r e l a t i n g  t h e  heading 
e r r o r  t o  the  phase e r r o r  i s  determined by t he  hydrophone base l i ne  and t h e  
homing beacon f requency.  As s t a t e d  i n  Sec t i on  2 .7 ,  t h i s  ga in  i s  f i x e d  a t  
11 degrees phase per  degree o f  heading. The motor t r a n s f e r  f u n c t i o n  
r e l a t e s  the  c o n t r o l  f l a p  s e t  p o i n t  t o  t h e  ac tua l  p o s i t i o n  o f  t he  f l a p .  
The model o f  t h e  f i s h  dynamics r e l a t e s  t he  f l a p  d e f l e c t i o n  t o  a  p i t c h  
r a t e  which must be i n t e g r a t e d  t o  g i v e  t h e  f i s h  heading. The a u t o p i l o t  
g a i n  can be v a r i e d  t o  ach ieve  the  d e s i r e d  f i s h  performance. I n  a d d i t i o n ,  
t he re  i s  some l a t t i t u d e  i n  independent l y  programming t h e  motor ga in .  The 
r o o t  l ocus  p l o t s  f o r  severa l  a u t o p i l o t  and motor ga ins  a re  shown i n  
F igure  5.3.  Desp i te  some se r i ous  ques t ions  about t h e  c r u d i t y  o f  t h e  
model used i n  t h i s  a n a l y s i s ,  severa l  impo r tan t  conc lus ions  can be drawn 
f rom these p l o t s :  
-The gener i c  shape o f  t h e  Root Locus i s  the  same f o r  a l l  motor ga ins .  
-A l a r g e  a u t o p i l o t  g a i n  can r e s u l t  i n  i n s t a b i l i t y .  
-A s l ugg i sh  motor ( l ow  motor ga in )  w i l l  promote i n s t a b i l i t y .  
-Though t h e  ac tua l  c o e f f i c i e n t s  i n  t he  model may have l a r g e  e r r o r s ,  
t h i s  a n a l y s i s  i s  h e l p f u l  q u a l i t a t i v e l y  i n  ana l yz i ng  t he  da ta  generated by 
the sea t r i a l s  and making ad justments  i n  t he  f i e l d .  
-The o f f s e t  i n t r oduced  t o  e l i m i n a t e  t he  tendency toward s p i r a l i n g  
depends on the  g l i d e  ang le  to  rudder  d e f l e c t i o n  r a t i o  d iscussed i n  
Sec t ion  2.6. For t he  l i m i t e d  o p e r a t i n g  range o f  t h e  F l y i n g  F ish ,  t h i s  
r a t i o  i s  a  cons tan t .  
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F i g u r e  5 .3  Root Locus of t h e  F l y i n g  F i s h  as a F u n c t i o n  of 
b o t h  A u t o p i l o t  Gain and Motor Gain.  The Motor 
Gain K  was a l lowed t o  v a r y  over  a  range  which 
b r a c k e t s  t h e  d e s i r a b l e  damping c o e f f i c i e n t  of 
.707 a s  shown i n  F i g u r e  4.10. A s  expec ted ,  a  
f a s t e r  motor response  improves s t a b i l i t y  b u t  
t o o  h i g h  a  feedback g a i n  i n  t h e  a u t o p i l o t  (between 
heading e r r o r  and r u d d e r  a n g l e )  can l e a d  t o  
i n s t a b i l i t y .  Note t h a t  even though t h e  motor 
p o l e s  a r e  w e l l  t o  t h e  l e f t  of t h e  f i s h  p o l e s ,  
t h e y  a r e  r e s p o n s i b l e  f o r  shap ing  t h e  t r a j e c t o r y  
of t h e  f i s h  p o l e s  and c o n t r i b u t e  t o  p o t e n t i a l  
i n s t a b i l i t y .  
5.4.4 The R o l l  Dynamics. 
From symmetry arguments, t he  r o l l  dynamics can be decoupled f r om the  
p i t c h  and yaw dynamics. Though t h e  r o l l  dynamics do n o t  d i r e c t l y  a f f e c t  
t he  s t a b i  1  i t y  o f  t he  v e h i c l e ,  r o l l  may a f f e c t  t he  homing capabi 1 i t y  o f  
t he  f i s h  i f  t he  p lane  o f  a c t u a t i o n  i s  a l lowed t o  r o t a t e  away f rom the  
sensing p lane  ( i e .  if, between sens ing a  phase e r r o r  and changing 
heading, t he  v e h i c l e  i s  a l lowed t o  r o t a t e .  An a d d i t i o n a l  reason t o  s tudy 
t he  r o l l  dynamics has t o  do w i t h  a  f u t u r e  d e s i r e  t o  s p i n  the  v e h i c l e  
about i t s  l o n g i t u d i n a l  a x i s  f o r  p r o f i l i n g  cu r ren t s  e l e c t r o m a g n e t i c a l l y .  
Because of t he  v e h i c l e  symmetry, no r e s t o r i n g  f o r c e  e x i s t s .  Thus 
t he  asymmetry r e s u l t s  i n  a  cons tan t  r a t e  o f  sp in .  A f i r s t  assumption i s  
t h a t  any s p i n  (caused by v e h i c l e  asymmetry r e s u l t i n g  f r om  impe r fec t  
weight  d i s t r i b u t i o n ,  f a u l t s  i n  t h e  s y n t a c t i c  foam o r  impe r fec t i ons  i n  t he  
s t a b i l i z i n g  f i n s )  i s  independent o f  t h e  angle  o f  a t t a c k  o f  t he  v e h i c l e .  
The r e s u l t i n g  cons tan t  r a t e  o f  sp in ,  which may vary  f r om  v e h i c l e  t o  
v e h i c l e  o r  f r om  d i v e  t o  d ive ,  cou ld  be o f f s e t  w i t h  a  cons tan t  d e f l e c t i o n  
o f  lone o f  t he  f i n s .  Th is ,  however, would r e q u i r e  c a r e f u l  c a l i b r a t i o n  o f  
each u n i t .  Fu r t he r ,  m ishand l ing  a t  sea cou ld  r e q u i r e  r e c a l i b r a t i o n  o f  
the  s p i n  r a t e .  A c l osed  loop  servo  which senses angu la r  r a t e  and d r i v e s  
a  d i f f e r e n t i a l  t o  g i v e  ze ro  s p i n  would so lve  these problems and a l s o  
handle s p i n  a r i s i n g  from hydrodynamic sources. To s i m p l i f y  t h e  
mechanical des ign of  such a  d i f f e r e n t i  a1 servo, t he  d i f f e r e n t i a l  mot ion  
was generated e l e c t r o n i c a l l y  r a t h e r  t h a t  mechan ica l l y .  
The r o l l  dynamics a re  descr ibed  by a  f i r s t  o r d e r  equa t i on  whose t ime  
cons tan t  depends on t h e  feedback ga in .  As l ong  as t he  c h a r a c t e r i s t i c  
t ime cons tan t  i s  s h o r t  r e l a t i v e  t o  t h e  l e n g t h  of t he  homing process, any 
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e r r o r s  i n c u r r e d  by an i n i t i a l  tendency t o  sp i n  w i l l  be negated. The model 
shows t h e  c h a r a c t e r i s t i c  t ime cons tan t  t o  be of o r d e r  20 seconds, s h o r t  
compared t o  the  15 minute ascent t ime.  F igure  5 .4  shows t h e  i n t e r a c t i o n  
o f  t h i s  c o n t r o l  l oop  w i t h  t he  c o n t r o l  o f  v e h i c l e  yaw. 

6  FIELD TEST RESULTS 
6.1 SHALLOW WATER TESTS (25 METERS DEEP). 
Shal low water t e s t i n g  of the F l y i n g  F i s h  inc luded :  (1 )  measur ing the 
rese rve  buoyancy of the  v e h i c l e ,  (2 )  measuring the  v e h i c l e  cen te r  o f  
buoyancy and cen te r  of mass, (3 )  t e s t i n g  t he  weight  r e l ease  mechanism, 
and ( 4 )  check ing t he  s t r u c t u r a l  i n t e g r i t y  of t he  f i s h .  These t e s t s  a re  
s u c c i n c t l y  summarized i n  F i gu re  6.1. I n  t h e  near shore sha l low water 
environment t h e  acous t i c  m u l t i p a t h  confused t he  r e c e i v e r s  and p reven ted  
t he  Phase Lock Loops from a c q u i r i n g  t h e  homing beacon s i g n a l .  Moreover, 
t he  v e h i c l e  cou ld  n o t  reach r e a l i s t i c  speeds t o  t e s t  c o n t r o l  su r f ace  
a c t u a t i o n  o r  v e h i c l e  manueve rab i l i t y .  Consequently, t e s t s  o f  v e h i c l e  
manueverabi 1  i t y ,  s t a b i  1  i t y ,  and homing capabi 1  i t y  were conducted i n  
re1  a t i  v e l y  deep water ( g r e a t e r  than 200 mete rs ) .  
6.2 HOMING AND MANEUVERABILITY TESTS (220 METERS DEEP). 
A s i t e  on George's Bank, access ib le  u s i n g  the RIV A s t e r i a s ,  i n  220 
meters o f  water was chosen f o r  the  s t e e r i n g  t r i a l s .  Th i s  water  depth 
would a l l o w  t h e  v e h i c l e  t o  reach i t s  t e r m i n a l  v e l o c i t y  (30 meters 
minimum), l o c k  o n t o  t h e  acous t i c  beacon, and maneuver. Because o f  t he  
l a r g e  number o f  expected problems d u r i n g  t h e  e a r l y  t e s t i n g  stages, go ing  
t o  sea aboard a  l a r g e  oceanographic vesse l  f o r  weeks a t  a  t ime  seemed 
i m p r a c t i c a l .  These l o g i s t i c a l  c o n s t r a i n t s  were t he  o n l y  reasons f o r  n o t  
dep loy ing  the  f i s h  i n  mid-ocean. The r e s u l t s  o f  these s t e e r i n g  t r i a l s ,  
which show accura te  homing c a p a b i l i t y ,  a re  d iscussed below. 
-1 57- 
Figure 6.1 Shallow Water Testing o f  the Flying Fish. 
6.2.1 The Deployment Program Used f o r  the  Homing Tests .  
F i gu re  6.2 shows a  b l o c k  diagram of  the  f i e l d  t e s t  deployment 
program r e s i d e n t  i n  the  f i s h .  Th is  program i s  d i v i d e d  i n t o  f o u r  p a r t s :  
( 1  >Pre-deployment, (2)descent ,  ( 3 ) a c t i  ve homing on ascent ,  and 
(4)Recovery. Shown i n  F i gu re  6.2 a re  t h r e e  c o n d i t i o n s  t h a t  r e s u l t  i n  the  
a b o r t  o f  a  d i ve :  (1)Sub-system f a i l u r e ,  ( 2 )Sa fe t y  t i m e r ,  and (3 )  a t  t he  
pre-set  depth f o r  t e r m i n a t i o n  o f  descent.  The l a s t  o f  these i s  the  
normal t r i g g e r  f o r  dropping t he  weight .  Should a l l  o f  these t r i g g e r s  
f a i l ,  e v e n t u a l l y  the  b a t t e r y  w i l l  d r a i n  and t he  e lect romagnet  w i l l  d rop  
t he  weight .  Du r i ng  the  t r i a l s ,  a  d i v e  was never abor ted.  Du r i ng  D i ve  5,  
however, t h e  s a f e t y  t i m e r  was r e q u i r e d  because t he  p ressure  sensor 
ma l func t ioned .  
On ascent,  any subsystem f a i l u r e  w i l l  cause the  i ns t r umen t  t o  send a 
new p i n g  code which w i l l  a l e r t  the  suppor t  vessel  t h a t  a  problem e x i s t s .  
Dur ing  Dive 2, when the acous t i c  s i gna l  was fou led  by t he  p r o t e c t i v e  foam 
around t he  beacon, the  d e f a u l t  p i n g  code was rece i ved  a t  t h e  su r face  
vessel .  Dives 3, 4, and 6  s i gna led  t h e  surface vessel  t h a t  t h e  f i s h  was 
a t tempt ing  t o  home. Reasons f o r  i naccu ra te  homing d u r i n g  Dives 3  and 4  
were a t t r i b u t e d  t o  severa l  problems which a re  o u t l i n e d  i n  Table  6.1. 
6.2.2 The Deployment Procedure. 
A t o t a l  o f  6  d ives  were made d u r i n g  these f i e l d  t r i a l s  on t h r e e  
separate excurs ions .  An o u t l i n e  o f  t he  procedure used d u r i n g  these 
deployments i s  g i ven  i n  Table  6.2. Note t h a t  many o f  t he  s teps  i n  t h e  
o u t l i n e  can be automated i n  f u t u r e  work w i t h  t he  system. For  example, 
the  shipboard computer c o u l d  access t h e  phase d i f f e r e n c e  s y n t h e s i z e r  and 
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Figure 6.2 Block Diagram of Resident Program 
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1 INITIALIZE SYSTEM (this short program powers up all the 
sub-systems in the fish and establishes 
two-way communication with all slave processors) 
2 MEASURE PHASE OFFSET (input a known phase difference between the 
elements in the hydrophone array, then access 
each phase comparator and measure the offset) 
3 ADJUST PHASE TRIM 
4 INSERT BALLAST WEIGHT AND ENERGIZE RELEASE MAGNET (once energized, 
the program idles) 
5 SET RELEASE TIMEOUT AND RELEASE DEPTH 
6 BEGIN DEPLOYMENT PROGRAM 
7 REMOVE SHORE POWER AND SAIL COMMUNICATIONS LINK 
8 DEPLOY FISH, HOMING BEACON, AND TRACKING HYOROPHONE 
9 MONITOR FISH PINGER FOR TURN-AROUND AND SLANT RANGE AND STATUS 
(determine whether the fish is actively homing 
or in default mode) 
10 RECOVER SURFACE BEACON, HYDROPHONE, AND FISH 
11 CONNECT SAIL CABLE (determine fish status, shut down recovery aids 
recharge battery and disgorge data onto disk) 
12 BACKUP DISK, ARCHIVE RESULTS AND PLOT 
Table 6.2 Outline of the Deployment Procedure Used during Homing 
Tests. Note that all steps could be either automated or 
prompt the user. 
t he  f i s h  phase comparators, p l o t  t he  phase i n p u t  t o  measured phase o f  t he  
hydrophone-recei ve r  network,  and t r i m  the  phase comparators w i  t h  t h e  
app rop r i a t e  o f f s e t .  S i m i l a r l y ,  t h e  shipboard computer cou ld  access t h e  
s h i p ' s  depth sounder and automatically se t  t he  b a l l a s t  r e l e a s e  depth.  
6.3 INTERPRETING THE F I E L D  DATA. 
Sensors mounted i n  t h e  f i s h  which generated da ta  d u r i n g  these t e s t s  
i n c l u d e  two accelorometers ( p i t c h  and yaw), a  depth sensor, a  r a t e  gy ro ,  
two phase comparators, and t h r e e  servo motors.  I n  a d d i t i o n ,  t h e  t ime  and 
system s t a t u s  generated by t h e  CPU were recorded. Key p o i n t s  i n  t h e  
r e c o r d  a re  h i g h l i g h t e d  t o  a l l o w  c ross  comparisons between t he  d i f f e r e n t  
da ta  se ts .  " A "  denotes t he  maximum depth measured on a  g i v e n  d i v e ;  "C"  
marks when t he  f i s h  reached t h e  sur face .  
6.3.1 The Pressure Record. 
The p ressure  was c o n t i n u a l l y  moni tored and recorded  on board t he  
f i s h .  I n  a d d i t i o n  t he  p ressure  sensor i s  used t o  t r i g g e r  t h e  we igh t  
r e l ease  mechanism by comparing t he  pressure sensor o u t p u t  w i t h  a  p r e s e t  
number. For near v e r t i c a l  t r a j e c t o r i e s ,  the p ressure  r eco rd ,  when 
p l o t t e d  a g a i n s t  t ime,  produces a  measure of t he  t e rm ina l  v e l o c i t y  reached 
by the  f i s h .  Large d e v i a t i o n s  f r om a  steady v e l o c i t y  a re  i n d i c a t i v e  o f  
gross i n s t a b i l i t y  i n  the  v e h i c l e  c o n t r o l  loop.  The p ressure  r e c o r d  near  
t he  i n f l e c t i o n  p o i n t  a t  t h e  bo t tom o f  t h e  t r a j e c t o r y  shows t h e  temporal  
and s p a t i a l  s ca le  occupied by t he  bot tom t r a n s i e n t .  Th i s  has severa l  
r a m i f i c a t i o n s :  ( 1 ) i t  i s  an i n d i c a t i o n  o f  how c l ose  an approach t o  t h e  
ocean f l o o r  can be made w i t h o u t  damage t o  the  f i s h  and (2)how l o n g  a  
-1 63- 
DEPTH 
F i g u r e  6 .3  The P r e s s u r e  Record  From Dive 6.  
delay between ballast drop and acoustic signal aquisition to insure 
operation within the correct acoustic image. 
Of the six dives, four gave complete pressure records. Figure 6.4 
shows a typical pressure record. For these early trials, the terminal 
velocity on descent was purposefully set to a low value (via a small 
ballast weight) so that the vehicle could crash into the bottom and allow 
a backup timer to drop the weight should the pressure sensor cease to 
work (Note: this backup was extremely valuable on Dive 5). 
The terminal velocity during ascent ranged over 4 dives from 5.9 mls 
to 6.7 mls with the smaller value attributable to the addition of a 
releaselrecovery appendage on Dive 6 that is not an integral part of the 
fish. 
6.3.2 The Accel erometer Record. 
The accelerometer record serves three purposes: (1)To show the 
degree of stability of the overall attitude servo loop. The 
perturbations in the accelerometer record give a measure of the overall 
stability of the vehicle. (ZIT0 reconstruct the vehicle trajectory during 
ascent. If one assumes that the major contributor to the accelerometer 
output is the instantaneous vehicle attitude relative to the 
gravitational vector (ie. any lateral accelerations are negl igi ble) , then 
the accelerometer record can be used as a basis for reconstructing the 
vehicle trajectory. This information is helpful in tuning the control 
loop gain constants. (3)To show the characteristic vehicle time 
constant. By correlating the motor set point record to the 
acceleromenter record, an estimate of the vehicle response 
-1 65- 
c h a r a c t e r i s t i c s  can be made. 
6.3.2.1 The T rans ien t  a t  t he  I n f l e c t i o n  P o i n t  ( J u s t  A f t e r  t he  B a l l a s t  i s  
Dropped) . 
When the  b a l l a s t  weight  i s  dropped, t he  f i s h  f l i p s  f r om  a nose down 
t o  a  nose up a t t i t u d e .  Th i s  dramat ic  maneuver f a r  exceeds t he  o p e r a t i n g  
range o f  the  c losed  loop  servo as shown i n  F i gu re  6.4.  Th is  t u r n  around 
t r a n s i e n t ,  as measured by the  acce lerometers ,  exceeds t h e  temporal  and 
spac ia l  sca les o f  t he  t r a n s i e n t  as measured by t he  depth sensor,  showing 
t he  i n s e n s i t i v i t y  o f  t he  v e h i c l e  drag t o  angles o f  a t t a c k  as g r e a t  as 25 
degrees. The s i z e  o f  t h i s  t r a n s i e n t  i s  smal l  when compared w i t h  t h e  
t o t a l  depth o f  a  mid-ocean deployment and has no d e t r i m e n t a l  e f f e c t  on 
the homing c a p a b i l i t y  o f  t h e  f i s h .  Th is  t r a n s i e n t  does, however, have a  
marked e f f e c t  on t he  success o f  sha l low water  t e s t i n g .  S p e c i f i c a l l y ,  by 
the  t ime  the  v e h i c l e  has reached a  s t a b l e  v e r t i c a l  a t t i t u d e ,  t h e  
maneuvering room i s  v i r t u a l l y  non -ex i s t en t .  For t h i s  reason,  subsequent 
t e s t i n g  i n  water l e s s  than  1000 meters deep i s o f  va l ue  o n l y  i f  t h e  
v e h i c l e  i s  deployed backwards as done i n  D ive  6. The smal l  s i z e  o f  t h e  
p e r t u r b a t i o n s  measured by t h e  acce lerometers  (see F igu re  6.5a) a re  
i n d i c a t i v e  o f  a  s t a b l e  t r a j e c t o r y .  
6.3.2.2 The Reconst ructed T r a j e c t o r y .  
The o n l y  d i v e  f o r  which a  t r a j e c t o r y  can be r e c o n s t r u c t e d  w i t h  any 
conf idence i s  Dive 6 .  The fundamental assumption i n h e r e n t  i n  t h i s  
r e c o n s t r u c t i o n  i s  t h a t  t h e  v e h i c l e  i s  i n  s teady mot ion  and t h a t  t h e  
measured a c c e l e r a t i o n  i s  re1  a t e d  o n l y  t o  t h e  ins tantaneous v e h i c l e  
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DEGREES OFF VERTICAZ, 
-20 0 2 0  
Figure 6.4 The Turn-around Transient as Measured by the X-Axis 
Accelerometer on Dive 2. 
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F igure  6.5a The X-Axis Accelororneter Record For Dive 6.  O s c i l l a t i o n  
on Descent (Po in t s  above A) is  Due t o  Backwards Deployment. 
I METERS 
Figure 6,5b Reconstructed Glide Path for Dive 6. in line with 
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Figure 6 . 5 ~  Reconstructed Glide Path for Dive 6 in Line with 
the Y-Axis Accelerometer. 
Figu re  6 .6  Motor Se t  P o i n t  Record f o r  Motor 1 on Dive 6.  
a t t i t u d e , .  The d e s i r e d  and measured g l i d e  p a t h  f o r  D i v e  6  i s  shown i n  
F i g u r e  6.5b. The average g l i d e  ang le  f o r  t h i s  deployment was about  5 
degrees o f f  t he  v e r t i c a l .  The f i s h  came w i t h i n  h a l f  a  meter  o f  t h e  
beacon, w e l l  w i t h i n  t h e  p r e d i c t e d  c i r c l e  o f  e r r o r .  
6.3.2.3 The Measured V e h i c l e  Response C h a r a c t e r i s t i c s .  
By c o r r e l a t i n g  motor s e t  p o i n t  ( i e  r u d d e r  d e f l e c t i o n )  t o  v e h i c l e  
a t t i t u d e ,  a  measure of  t h e  v e h i c l e  response to  rudder  commands can be 
deduced. F i g u r e  6.6 shows an a t t e m p t  t o  c o r r e l a t e  t h e  acce le romete r  and 
motor s e t  p o i n t  d a t a  f o r  D ive  6. An e s t i m a t e  of  t h e  c h a r a c t e r i s t i c  t i m e  
cons tan t  o f  t h e  v e h i c l e  i n  p i t c h  i s  abou t  5 seconds, i n  c l o s e  agreement 
w i t h  t h e  response p r e d i c t e d  by t h e  model d e r i v e d  i n  Chapter  5. 
6.3.3 The Rate Gyro Record. 
The r a t e  g y r o  serves two purposes:  ( 1 )  as an e n g i n e e r i n g  d i a g n o s t i c  
to  determine t h e  e x t e n t  o f  v e h i c l e  asymmetry which was l e f t  unmodel led 
and (2)  t o  measure v e h i c l e  r o t a t i o n  as t h e  source o f  d i f f e r e n t i a l  mo t ion  
i n  the  c l o s e d  l o o p  s e r v o  as d i scussed  i n  S e c t i o n  5.4.4. I f  t h e  v e h i c l e  
were t o  r o t a t e  on ascen t ,  an apparen t  change i n  b e a r i n g  to  t h e  s u r f a c e  
beacon would r e s u l t :  a  180 degree r o t a t i o n  o f  t h e  f i s h  would r e s u l t  i n  a  
s i g n  change i n  t h e  measured b e a r i n g  t o  t h e  beacon. I f  t h i s  r o t a t i o n  r a t e  
were f a s t  r e l a t i v e  t o  the  c h a r a c t e r i s t i c  t i m e  c o n s t a n t  o f  t h e  f i s h  i n  
p i t c h ,  a  p o t e n t i a l  source o f  i n s t a b i l i t y  would  be i n t r o d u c e d  i n t o  t h e  
c o n t r o l  a l g o r i t h m .  Because t h i s  asymmetry was l e f t  unmodel led and w i l l  
change as r e f i n e m e n t s  a r e  made i n  t h e  w e i g h t  d i s t r i b u t i o n  o f  t h e  f i s h ,  a  
c losed l o o p  s e r v o  t o  z e r o  r o t a t i o n  v i a  d i f f e r e n t i a l  m o t i o n  o f  t h e  c o n t r o l  
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surfaces was implemented. Long term zero  d r i f t  o f  t he  r a t e  gy ro  o u t p u t  
i s  assumed t o  be slow compared w i t h  the  v e h i c l e  p i t c h  response t o  changes 
i n  rudder  ang le .  
F i gu re  6.7 shows t he  raw r a t e  gy ro  r e c o r d  from D ive  4  and Dive 6. 
D ive 4  measured v e h i c l e  r o t a t i o n  b u t  d i d  no t  a c t  on t h i s  i n f o r m a t i o n .  
D ive  6  i nc l uded  r o t a t i o n  i n  the  c o n t r o l  l oop .  Du r i ng  D ive  4, the  v e h i c l e  
appears t o  have r o t a t e d  approx imate ly  two complete r e v o l u t i o n s  i n  450 
f e e t  o f  water due t o  unmodel l e d  asymmetry i n  t h e  f i s h .  D ive 6 had no 
measurable n e t  r o t a t i o n .  
6.3.4 The Phase Comparator Record. 
The phase comparator i s  an ins tantaneous measure o f  t he  e r r o r  s i g n a l  
as measured by t h e  s h o r t  base1 i n e  acous t i c  i n t e r f e r o m e t e r  ( i e .  i t  i s  a  
measure o f  t he  bea r i ng  t o  t h e  su r f ace  beacon). Th is  e r r o r  s i gna l  i s  t h e  
i n p u t  t o  t he  a u t o p i l o t  a l g o r i t h m  which determines t he  motor se t  p o i n t s .  
The phase comparator s i gna l  i s  a f f e c t e d  by (1)source s t r e n g t h ,  ( 2 )  
m u l t i p a t h  and c ross  c o u p l i n g  between hydrophones, (3 )  source f requency,  
( 4 )  f l o w  no ise ,  and (5) v e h i c l e  r o t a t i o n .  F i gu re  6.8 shows t he  phase 
comparator r e c o r d  f o r  D ives 2 ,  3, and 6. Dur ing  D ive  2 t h e  phase 
comparators had t r o u b l e  a q u i r i n g  t he  s i g n a l .  Th i s  was a t t r i b u t e d  t o  
smal l  bubbles i n  t h e  foam b l o c k  t h a t  p ro tec ted  t h e  homing beacon ( i n  
subsequent d i ves ,  the  foam b l o c k  was removed, r e s u l t i n g  i n  good s i g n a l  
a q u i s i t i o n ) .  As designed, when t he  system s t a t u s  r e f l e c t e d  a  problem 
w i t h  s igna l  aqu i  s i  t i o n ,  t he  c o n t r o l  sur faces d e f a u l t e d  t o  ze ro  d e f l e c t i o n .  
The extreme v a r i a b i  1  i t y  i n  t he  phase s i g n a l  i n  'Dive 3  can be 
a t t r i b u t e d  t o  a  number o f  problems i n c l u d i n g :  (1 )  t he  t u r n  around 
-173- 
ROTATION RATE (RPM) 
-6 0 6 
F i g u r e  6 .7a  The Rate Gyro Record From Dive 6 .  Note t h a t  t h e  r o t a t i o n  
r a t e  is  much l e s s  t h a t  i n  F i g u r e  6.7b where no d i f f e r e n t i a l  
c o n t r o l  a c t i o n  was e x e r t e d .  
ROTATION RATE (RPM) 
-6 0 6 
Figure  6.7b The Rate Gyro Record From Dive 2 .  Note t h e  cons tan t  
r a t e  of r o t a t i o n  a f t e r  t h e  turn-around t r a n s i e n t .  
I 
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Figure 6.8a  Phase Comparator 1 Responding to a Bad Acoustic Signal 
During Dive 2. 
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F i g u r e  6.8b Phase  Comparator 1 S u c c e s s f u l l y  Locked o n t o  t h e  15 KHz Beacon 
on Dive 3 .  
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F i g u r e  6 . 8 ~  The Phase  Comparator Record f o r  Hydrophones 1 & 2. 
Note how t h e  phase  s h o o t s  d r a m a t i c a l l y  o f f  s c a l e  a s  
t h e  f i s h  p a s s e s  by t h e  beacon. 
t r a n s i e n t ,  ( 2 )  f i s h  r o t a t i o n  due t o  no d i f f e r e n t i a l  i n p u t s  i n t o  t h e  
c o n t r o l  l o o p ,  and (3) a  f a u l t y  r e c e i v e r  channel .  
D ive  6 shows good s i g n a l  a c q u i s i t i o n  and c o r r e c t  o v e r a l l  o p e r a t i o n .  
Very near t h e  s u r f a c e  beacon, as t h e  f i s h  zooms p a s t  t h e  beacon, one can 
expect  a  v e r y  r a p i d  change i n  t h e  measure phase d i f f e r e n c e  (see F i g u r e  
6 . 8 ~ ) .  The h i g h  f requency  f l u c t u a t i o n s  i n  t h e  measured phase d i f f e r e n c e  
a r e  n o t  y e t  e x p l a i n e d .  
6.3.5 The Motor  Set  P o i n t  Record. 
The motor  s e t  p o i n t s  a r e  genera ted  by t h e  a u t o p i l o t  wh ich uses t h e  
phase comparator  and t h e  r a t e  g y r o  as i n p u t s .  There i s  p r o v i s i o n  t o  use 
t h e  acce le romete r  i n p u t s  i n  t h e  c o n t r o l  a l g o r i t h m  b u t  these  were n o t  
t e s t e d  a t  sea. For t h e  purpose of  these f i r s t  t r i a l s ,  t h e  motor  s e t  
p o i n t  was p r o p o r t i o n a l  t o  t h e  phase d i f f e r e n c e  measured by  t h e  
hyd rophone / rece ive r  p a i r s .  E l e c t r o n i c  and mechanical  s tops  p r e v e n t e d  t h e  
c o n t r o l  s u r f a c e s  f r o m  exceeding a  u s e f u l  maximum e x c u r s i o n  as de te rm ined  
by t h e  s t a l l  c h a r a c t e r i s t i c s  o f  t h e  c o n t r o l  s u r f a c e  (abou t  15 degrees ) .  
Constant  slamming i n t o  t h e  s tops would i n d i c a t e  e x c e s s i v e  c o n t r o l  
e f f o r t .  I n  t h e  case where t h e  a c o u s t i c  s i g n a l  i s  p o o r  (eg  D i v e  2 ) ,  t h e  
motor  s e t  p o i n t  shou ld  d e f a u l t  t o  z e r o  d e f l e c t i o n  as shown i n  F i g u r e  
6.9. F i g u r e  6.6 shows t h e  motor  s e t  p o i n t s  f o r  Motor  1  f o r  D i v e  6. 
S i m i l a r  d a t a  e x i s t s  f o r  Motors  2 and 3. D i v e  6  shows a  w e l l  execu ted  
d i v e  which r e s u l t e d  i n  a c c u r a t e  homing. The c o n t r o l  e f f o r t  i n c r e a s e s  
s l i g h t l y  as t h e  f i s h  approaches t h e  s u r f a c e  b u t  o n l y  reaches maximum 
d e f l e c t i o n  as t h e  f i s h  brushes p a s t  t h e  beacon. 
CONTROL FLAP DEFLECTION (Degrees)  
F i g u r e  6.9 Motor 1 C o r r e c t l y  D e f a u l t i n g  t o  Zero Rudder D e f l e c t i o n  
a s  a R e s u l t  of a Poor  A c o u s t i c  S i g n a l  During Dive 2 .  
7 FUTURE DEVELOPMENT OF THE 
FLYING FISH CONCEPT 
7.1 THE HYDROGRAPHIC SENSORS. 
The F l y i n g  F i s h  was o r i g i n a l l y  conceived as a p l a t f o r m  f o r  
hydrographi  c sensors.  Thi s t h e s i  s focuses on the  engi  n e e r i  ng development 
and proof -o f -concept  of a s h o r t  base l i ne  acous t i c  i n t e r f e r o m e t e r  as t h e  
bas is  f o r  a c losed  loop  servo system t o  s t ee r  such a p l a t f o r m  toward a 
monochromatic surface beacon. I n  p a r a l l e l  w i t h  t h i s  development e f f o r t ,  
several  manufacturers have been des ign ing  sensors which can be 
mechan ica l l y  and e l e c t r o n i c a l l y  i n t e r f a c e d  w i t h  t he  f i s h .  These sensors 
w i l l  be i nco rpo ra ted  i n  a second genera t ion  f i s h  which i s  c u r r e n t l y  under 
development a t  t h e  Woods Hole Oceanographic I n s t i t u t i o n .  An e x t e n s i v e  
se r i es  o f  sea t r a i l s  w i t h  these sensors i s  planned. 
7.2 SYSTEM INTEGRATION: AUTOMATED TESTING AND FAULT ISOLATION AS A MEANS 
TO LOW MAINTENANCE. 
Beyond the  proof -o f -concept  p ro to t ype  descr ibed  i n  t h i s  t h e s i s ,  a re  
several  key  elements which must be a v a i l a b l e  and work ing  i f  the  F l y i n g  
F i sh  i s  t o  be more than  a l a b o r a t o r y  c u r i o s i t y .  S p e c i f i c a l l y ,  i n  an 
ope ra t i ona l  system, t he  automated t e s t i n g  and f a u l t  i s o l a t i o n  
c a p a b i l i t i e s  need t o  be e x p l o i t e d  t o  t h e i r  f u l l  p o t e n t i a l .  Both t he  
mechanical and e l e c t r o n i c  a r c h i t e c t u r e  o f  the  f i s h  a r e  based on t h e  need 
f o r  low shipboard maintenance requi rements .  Any s c i e n t i  s t l g r a d u a t e  
s tudent  team should be a b l e  t o  use a personal  computer o f  convenience t o  
c o n t r o l  the  measurement system and t o  c o l l e c t  da ta  o f  known qua1 i t y .  The 
des ign  ph i losophy  was one o f  m in im i z i ng  human invo lvement  i n  o rde r  to  
reduce ope ra t i ng  cos t s .  Each system sub-assembly i s  b u i l t  around a  
microprocessor  t h a t  can be que r i ed  and exce rs i sed  by t h e  s h i p  board 
computer. A l l  sub-assemblies use a  s tandard  communications p r o t o c o l .  
Such a  modular a r c h i t e c t u r e  and s tandard i n t e r f a c e  promote automated 
t e s t i n g .  F i gu re  7.1 shows t he  major sea go ing  system components. A t  
p resen t ,  t he  b a t t e r y  charger ,  a i r  c i r c u l a t i o n  pump, hydrophone t e s t  
f i x t u r e ,  homing beacon, and t r a c k i n g  hydrophone e x i s t  as separate  
e n t i t i e s  and have n o t  been i n t e g r a t e d  w i t h  t he  sh ipboard f i s h  
c o n t r o l  l e r .  The launch and recovery  f i  x t u r e s  ex i  s t  i n  simp1 i f i e d  f o r m  
whi l e  the  t e l e m e t r y  t e rm ina l  and c a l  i b r a t i o n  f i x t u r e  a re  h y p o t h e t i c a l  . 
A l l  t he  hardware and t he  p r o t o c o l  e x i s t  f o r  i n t e g r a t i n g  t h i s  
supplementary capabi 1  i t y  and t he  f a u l t  i s o l a t i o n  d i a g n o s t i c s  i n  t he  f i s h  
may be r e a d i l y  accessed manual ly .  Automat ing t h i s  process w i l l  r e q u i r e  
a d d i t i o n a l  so f tware  t h a t  should  be w r i t t e n  i n  response t o  exper ience  
ga ined i n  t he  f i e l d .  Th is  automated system check o u t  c o u l d  i n c l u d e :  
- i n t e r r o g a t i n g  the  sh ipboard bot tom f i n d i n g  p i nge r  t o  s e t  t he  
b a l l a s t  r e l ease  depth.  
- s e t t i n g  t he  phase t r i m  i n  the  hydrophone r e c e i v e r  p a i r s .  
7 .3  MAINTENANCE AND QUALITY CONTROL 
Beyond t he  s imple ques t ions  o f  t he  t e c h n i c a l  f e a s i b i l i t y  o f  speeding 
up the  da ta  c o l l e c t i o n  process a re  t h e  ques t ions  o f  a d a p t a b i l i t y  o f  t h e  
ins t rument  t o  widespread use. These a d d i t i o n a l  issues i n c l u d e  (1 )  t h e  
r e q u i r e d  i n f r a s t r u c t u r e  (eg. t he  l o g i s t i c s  o f  c a l i b r a t i o n ,  da ta  hand l i ng ,  
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Figure 7.1 Schematic of major shipboard system components. 
and qua1 ity control and ( 2 )  the cost (both initial outlay and ongoing 
maintenance). 
7.3.1 Data Handling, Quality Control, and Satellite Telemetry. 
Quality control is a serious issue when one is looking for O.OOl°C 
variability in the deep ocean over time scales of ten years. During the 
International Geophysical Year (IGY 1957-58) "a1 1 data.. .were col lected 
under the personal supervision of L. V .  Worthington, W. G. Metcalf, A .  R .  
Miller, and F. C. Fuglister" (Fuglister et al, 1970). This level of 
supervision aboard each vessel working in a global scale survey 
contradicts the initial premise that these measurments would be taken by 
operational groups with minimal training. One option is to have a 
centralized quality control center which, in near real time, could decide 
whether or not to re-survey an area where the data is suspect. 
A second argument for telemetering the data to a central clearing 
house is based not on logistical arguments but on scientific need. For 
those interested in predicting oceanic weather patterns, it is important 
to collect, digest, and assimilate the hydrographic data on the same time 
scale as the meteorological and satellite data (i.e. near real time). 
Two types of data are collected by the fish and its support hardware: 
the first is the raw scientific data (including the sensor serial number, 
the deployment site--latitude and longitude, and the time; the second is 
engineering data used to monitor the health of the fish. The scientific 
data would consi st of, typical ly, one meter averages of the conducti vi ty, 
temperature, and depth, a total about 100 KBytesldeployment. At an 
average of six deployments per day, the scientific data set alone is over 
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0.5 MBytesIday. The eng ineer ing  da ta  would c o n s i s t  o f  p i t c h ,  yaw, 
c o n t r o l  e f f o r t ,  and key b a t t e r y  and system vo l t ages .  Th i s  da ta  may be 
c o l l e c t e d  between, as w e l l  as du r i ng ,  deployments b u t  i t  may be 
s u f f i c i e n t  t o  a r c h i v e  t h i s  da ta  l o c a l l y .  Th is  da ta  may be accessed by 
the  sh ipboard computer t o  p l o t  t he  l ong  term behav iour  o f  t h e  f i s h  as ( 1 )  
t he  f l o t a t i o n  m a t e r i a l  degrades o r  ( 2 ) b a t t e r i e s  cease t o  t ake  a charge. 
The t e l eme t r y  requi rements  a re  based, a t  a  minimum, on t h e  da ta  t h a t  i s  
r e q u i r e d  a t  a  c e n t r a l  l o c a t i o n  i n  near r e a l  t ime .  Several  commercial 
systems e x i s t  t o  implement t h i s  t e l e m e t r y  requi rement  b u t  a r e  n o t  w i d e l y  
used i n  t he  oceanographic community. A s  da ta  t e l e m e t r y  requ i rements  
grow, i t  i s  necessary t o  i n v e s t i g a t e  t he  methods a v a i l a b l e .  A d e t a i l e d  
d i scuss ion  of t he  va r i ous  t r a d e o f f s  o f  e x i s t i n g  t e l e m e t r y  systems i s  
beyong t he  scope of  t h i s  t h e s i s .  For t he  purposes o f  t h i s  document, i t  
i s  s u f f i c i e n t  t o  say t h a t  t h e  i ssues  o f  da ta  t e l e m e t r y  and qua1 i t y  
c o n t r o l  must accompany any f u t u r e  development o f  t he  F l y i n g  F i s h  i f  l a r g e  
sca le  hydrographic  surveys a re  t o  be undertaken. 
7.3.2 Sensor C a l i b r a t i o n .  
Though the  a c t u a l  sensor s u i t e  t o  be c a r r i e d  aboard t h e  f i s h  has y e t  
t o  be se lec ted  o r  t es ted ,  i t  i s  n o t  premature t o  cons ider  what sensor 
c h a r a c t e r i  s t i  cs a r e  conducive t o  r o u t i n e  hydrographi  c  measurements. The 
p r e c i  s ion,  accuracy,  temporal  and spac ia l  sca les o f  t h e  measurements a re  
d i c t a t e d  by t he  sc ience.  The l o n g  and s h o r t  term d r i f t  c h a r a c t e r i s t i c s  
a re  d i c t a t e d  by t h e  phys ics  o f  t h e  sensor. 
Successful  ocean surveys a re  cha rac te r i zed  by ca re fu l  and con t inuous  
a t t e n t i o n  t o  sensor accuracy and s t a b i l i t y .  Th is  i s  e s p e c i a l l y  t r u e  i n  
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light of the high precision sought. Any questions in the data quality 
that cannot be answered by careful cal i bration records dimi ni shes the 
scientific value of the data set. Historically, the art of reducing 
Nansen bottle samples to salinity and temperature measurements was a 
technique that required patience, care, and training. Few people were 
trusted to execute the procedure correctly and many data sets were 
summari ly discarded due to suspect techniques. With present CTDs, the 
care must go into calibrating the sensors and monitoring the drift 
characteristics. At present, this calibration is very costly in terms of 
both money and man-hours. 
If the Flying Fish CTD is to become the backbone of future large 
scale hydrographic surveys, and i f  the calibration costs are to be 
contained, an effective automated calibration program with strict quality 
controls must be designed as an integral system component. At a minimum, 
the sensor electronics should be self-calibrating, with any drift 
recorded by the shipboard computer. Each sensor should have an I.D. and 
a known history. This I.D. may be in the form of a bar code which is 
read and appended to the data from each profi le. Further, the sensor 
pods should be designed to be replaced in the field without major 
disassembly of the fish. 
Shipboard calibration may be the only way to maintain confidence in 
intercomparisons made between data sets collected by different 
instruments in different oceans several years apart. 
7.4 CONCLUDING REMARKS 
7.4.1 THE FLYING FISH I N  THE CONTEXT OF AUTONOMOUS UNDERWATER VEHICLES. 
The F l y i n g  F i s h  i s  a  m i ss i on  s p e c i f i c  v e h i c l e .  A s  such, no a t t emp t  
has been made t o  l o o k  f o r  gener i c  answers t o  t he  problems o f  
(1)Power. Because t h e  bas i c  m i ss i on  i s  one o f  v e r t i c a l l y  p r o f i l i n g  
t he  ocean, g r a v i t a t i o n a l  p o t e n t i a l  was e x p l o i t e d  t o  p rope l  t h e  v e h i c l e .  
(2 )Nav iga t ion .  For Nav iga t i on  purposes, t he  f i s h  has no knowledge 
o f  i t s  p o s i t i o n  i n  t h r e e  d iment iona l  space, nor does i t  know t h e  range t o  
t he  su r f ace  beacon. The o n l y  i n f o r m a t i o n  i s  two o r thogona l  bea r i ngs  
de r i ved  f r om two phase d i f f e r e n c e  measurements. Once t he  v e h i c l e  i s  on 
t he  su r face ,  i t  i s  no l onge r  a b l e  t o  maneuver. 
(3>Communication. Communication between v e h i c l e  and suppo r t  vesse l  
i s  m in ima l ,  e s s e n t i a l  l y  a  one b i t  " I ' m  OK" o r  "Help" p i ng .  
I n s t e a d  o f  push ing t h e  s t a t e  o f  t h e  a r t  i n  any o f  these t h r e e  
f i e l d s ,  emphasis was made on matching p resen t  day technology and 
capabi 1  i t i e s  w i  t h  an o u t s t a n d i n g  oceanographic need. 
7.4.2 THE FLYING FISH I N  THE CONTEXT OF OCEANOGRAPHIC INSTRUMENTS 
The F l y i n g  F i s h  p r o t o t y p e  has been shown t o  be a  v i a b l e  a l t e r n a t i v e  
t o  conven t iona l  deployment o f  oceanographic ins t ruments .  I t ' s  p r i n c i p a l  
a t t r i b u t e s ,  p o r t a b i l i t y ,  speed, and a c o u s t i c  homing, a re  un ique.  The 
modular c o n s t r u c t i o n  p e r m i t s  t he  i n c l u s i o n  o f  any reasonable  s u i t e  o f  
sensors t h a t  takes advantage o f  these a t t r i b u t e s .  The mechanical  and 
e l e c t r o n i c  a r c h i t e c t u r e  promote t he  use o f  automated d i a g n o s t i c s  and da ta  
c o l l e c t i o n  and have y e t  t o  be f u l l y  r e a l i z e d .  How s u c c e s s f u l l y  t h i s  
ins t rument  changes o u r  p e r c e p t i o n  o f  t h e  w o r l d ' s  oceans w i l l  be based n o t  
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o n l y  on t h e  e n g i n e e r i n g  performance e x h i b i t e d  a t  sea b u t  i n  the  degree of 
t r u s t  t h e  s c i e n t i f i c  community p l a c e s  i n  t h e  d a t a  ga the red  by t h e  
i n s t r u m e n t  and by how e a s i l y  t h i s  d a t a  can be c o l l e c t e d ,  a s s i m i l a t e d ,  and 
d i  ssemi na ted .  
APPENDIX 1  THE DESIGN OF THE RELEASE MECHANISM 
Four p ro to t ype  re l ease  mechanisms showed s u f f i c i e n t  p o t e n t i a l  t o  
pursue p r e l i m i n a r y  designs and t e s t i n g :  ( 1 )a  so l eno id  l a t c h ,  (2) an 
exp los i ve  w i r e ,  (3)  a s e l f  charg ing  squib ,  and ( 4 )  an e lect romagnet ,  Of 
these, t he  e lect romagnet  proved t o  be t he  most p r a c t i c a l  and r e l i a b l e  i n  
t h e  f i e l d .  The des ign of t h i s  e lect romagnet  i s  summarized here.  D e t a i l s  
r ega rd i ng  t he  o t h e r  designs i s  beyond t h e  scope o f  t h i s  document. 
S i m p l i c i t y ,  r e l i a b i l i t y ,  and f a i l s a f e  c a p a b i l i t y  were t h e  p r i m a r y  
des ign c r i t e r i o n .  Power d i s s i p a t i o n  up t o  5 Watts, because o f  t h e  s h o r t  
deployment t imes,  was cons idered accep tab le .  By c o n t i  nual  l y  b u r n i n g  up a  
nominal amout o f  power i n  t he  e lect romagnet  c o i l ,  a  f a i l  safe  i n  t h e  
event  o f  a  power outage i s  a u t o m a t i c a l l y  b u i l t  i n t o  t h e  re lease .  The 
magnet was designed t o  handle t h e  l a r g e  dynamic loads t h a t  occur  d u r i n g  
deployment. Once s a f e l y  away f r o m  the  sh ip ,  t he  d r i v e  c u r r e n t  t o  t h e  
magnet can be reduced t o  save system power. 
The e lect romagnet  c o n s i s t s  o f  t h ree  p a r t s :  t he  magnet core,  t h e  
c o i l ,  and t he  keeper.  The maximum s t a t i c  l oad  t h a t  can be suppor ted by 
the  magnet i s  a f u n c t i o n  o f  t h e  f l u x  i n  t h e  magnetic c i r c u i t .  T h i s  f l u x  
i s  i n  t u r n  a  f u n c t i o n  o f :  
- the magnet ic p r o p e r t i e s  o f  t h e  co re  m a t e r i a l  
- the number o f  ampere t u r n s  
- the gap between t he  core  and the  keeper 
- the c o n t a c t  area.  
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A l . l  The magnetic m a t e r i a l  
For t h i s  d i scuss ion ,  two magnet ic p r o p e r t i e s  o f  t he  co re  m a t e r i a l  
a re  o f  fundamental importance: ( 1 ) t h e  p e r m e a b i l i t y  and ( 2 )  t h e  
s a t u r a t i o n  f l u x  d e n s i t y .  
( 1  > t h e  permeabi 1  i t y  descr ibes  the  ease w i t h  which t he  magnet ic 
domains a l i g n  themselves w i t h  an e x t e r n a l l y  imposed f i e l d  (see Equat ion 
A l . 1 ) .  
( 2 ) t h e  s a t u r a t i o n  f l u x  d e n s i t y  i n d i c a t e s  t h e  maximum number o f  f i e l d  
l i n e s  t h a t  can e x i s t  w i t h i n  a  g iven  c ross -sec t ion  of a  m a t e r i a l .  
The t o t a l  f l u x  i n  t he  c i r c u i t ,  g i ven  by Equat ion A1.2, can e a s i l y  be 
c a l c u l a t e d  by assuming t h a t  t he  gap i s  smal l  and a1 1 the  f l u x  goes 
through t he  keeper.  
where B i s  t he  f l u x  d e n s i t y  
p i s  t he  p e r m e a b i l i t y  
H i s  t he  imposed f i e l d  
where 4 i s  t he  t o t a l  f l u x  
B i s  t he  f l u x  d e n s i t y  
A i s  t he  c ross - sec t i ona l  area 
A1.4.2 The Gap. 
The f i e l d  s t r e n g t h  i s  p r o p o r t i o n a l  t o  t h e  number o f  ampere-turns. For 
an electromagnet,  t h e  magnet ic c i r c u i t  can be broken down i n t o  two 
c o n t r i b u t i o n s  t o  t h e  r e l uc tance :  (1 )  t he  magnet lkeeper and (2) t h e  gap (see 
Equat ion A1.3). Note t h a t ,  though t he  gap i s  sma l l ,  i t  can have a d ramat i c  
e f f e c t  on t he  t o t a l  f l u x  generated. 
-1 90- 
The load  bearing c a p a b i l i t y  of t he  magnet i s  der ived i n  Equations A1.4. 
Note t h a t  t h e  re luctance o f  t h e  gap dominates. Because t h e  e f f e c t i v e  
pe rmeab i l i t y  o f  the magnet i s  dominated by the  gap re luctance,  t he re  i s  l i t t l e  
advantage i n  t h i s  a p p l i c a t i o n  i n  us ing  an e x o t i c  ma te r i a l  w i t h  a  h igh  
penneabi 1 i ty (eg. Supernal loy;  see F igure  A1 .I 1 .  
where L  i s  the  t o t a l  l e n g t h  o f  the  magnetic c i r c u i t  
L1 i s  t h e  l e n g t h  of t h e  magnetic c i r c u i t  i n  i r o n  
6 i s  t he  gap l e n g t h  
N i  i s  t h e  number o f  Ampere-turns i n  t h e  c o i l  
" i s  the  pe rmeab i l i t y  o f  the i r o n  
11, i s  t he  pe rmeab i l i t y  o f  a  vacuum 
where W = 1/2 j / H *  B dA dL 
= 1/2 B a A ( H ~ L ~ + H ~ J )  
= t h e  work requ i red  t o  move a  d i s tance  dx i n  t he  
presence of a  f o r c e  F 
IJ P  
S u b s t i t u t i n g  0 = N i ( l  0) 
LIPo + a P l  
2 
- 1 A ( t4 i l2  2 cons t  g ives  F = = cons t  A ( N i l  4 7
( Po L~ p l a ) 2  a 
A1 - 3  The Contact Area. 
The important  mater i  a1 p rope r t y  which w i  11 a f f e c t  1  oad bear ing 
c a p a b i l i t y  o f  t h e  magnet i s  t he  s a t u r a t i o n  f l u x  densi ty .  From F igu re  A l . l  i t  
i s  ev ident  t h a t  t he  sa tu ra t i on  f l u x  dens i t y  among magnetic m a t e r i a l s  does no t  
PERMEABILITY 
Figure A l . 1  . Representative magnetization curves for some 
commercial materials (after 
1. Supermalloy 
2. Permalloy 
3. 45 Permalloy 
4. Magnetic Iron 
5. 3 Cr Magnet Steel 
6. Alnico 5 
vary widely.  Typical  values are 15,000 t o  20,000 Gauss. 
Given a  sa tu ra t i on  f l u x  densi ty ,  a  f i x e d  gap, and a  des i red  load,  t h e  
o v e r a l l  geometry o f  the electromagnet can be spec i f ied .  Equation A1.5 can be 
used t o  determine the  number o f  ampere tu rns .  Given t h e  number o f  
ampere-turns, one can use Equation A1.6 t o  c a l c u l a t e  the  requ i red  contac t  
area as a  func t i on  o f  s t a t i c  load. 
where BSAT i s  t h e  s a t u r a t i o n  f l u x  dens i t y  
1 - 1  i s  t he  permeabil i ty o f  a  vacuum 
A1.4.4 S i z i n g  t h e  C o i l .  
Fo r  a  f i xed  vo l tage source and c o i l  geometry, t he  power d i ss ipa ted  by 
t h e  c o i l  i s  independent o f  t h e  number o f  tu rns .  Another way t o  say the  same 
th ing :  the  l oad  bearing c a p a b i l i t y  o f  the  magnet i s  a f u n c t i o n  o f  the  t o t a l  
amount o f  copper and t h e  con tac t  area. Thus t h e  w i r e  gauge should be picked 
t o  operate a t  a  convenient vo l tage and c u r r e n t  supply such t h a t  t h e  f l u x  j u s t  
reaches s a t u r a t i o n  a t  t h e  l i m i t  o f  t h e  expected dynamic load. A t  t h i s  1  i r n i t ,  
any increase i n  the  d r i v e  c u r r e n t  w i l l  have minimal e f f e c t  on t h e  ho ld ing  
power o f  t h e  electromagnet. 
F igu re  A1.2 shows the  s t a t i c  re lease c h a r a c t e r i s t i c s  o f  the magnet 
designed f o r  t h e  F l y i n g  F ish .  
POUNDS 
Figure A 1 . 2  . Static load bearing capability of the electromagnetic 
release as a function of input power. 
APPENDIX 2 
COST BENEFIT ANALYSIS OF F I S H  S I Z E  
Assume t h a t  t h e  d r a g  f o r c e  i s  p r o p o r t i o n a l  t o  a l e n g t h  squared t e r m  
and a v e l o c i t y  squared t e r m  as shown i n  Equa t ion  A2 . la  and use 
( V o l ~ r n e ) ~ " ~  as t h e  l e n g t h  squared term.  Now assume t h a t  t h e  d r i v i n g  
f o r c e  i s  p r o p o r t i o n a l  t o  d isp lacement  (Equa t ion  A2. lb) .  T h i s  l a s t  
assumpt ion i s  reasonab le  s i n c e  b o t h  t h e  mechanism f o r  p r o p e l  1 i n g  t h e  
v e h i c l e  and t h e  compl imentary  energy r e s e r v o i r  a re ,  as a r u l e ,  s i z e d  
p r o p o r t i o n a l l y  w i t h  t h e  v e h i c l e  d i sp lacement .  
where F D R A G  i s  t h e  d r a g  f o r c e  
U i s  t h e  v e h i c l e  v e l o c i t y  
Vo 1 i s  t h e  d i s p l a c e  volume o f  t h e  v e h i c l e  
A t  t e r m i n a l  v e l o c i t y ,  t h e  d r a g  f o r c e  and t h e  d r i v i n g  f o r c e  a r e  e q u a l .  
The r e s u l t i n g  e q u a t i o n  (A2.2) shows t h a t  t h e  v e l o c i t y  can be i n c r e a s e d  
i n d e f i n i t e l y  b u t  o n l y  f o r  v e r y  l a r g e  increments  i n  t o t a l  d i sp lacement .  
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